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PROCEEDINGS OF THE TENTH ANNUAL 
BIOCHEMICAL ENGINEERING SYMPOSIUM 
This the tenth in a series of symposia devoted to talks by 
students on their biochemical engineering research. The first, 
third, fifth, and ninth were at Kansas State University in 
Manhattan, the second and fourth were at the University of 
Nebraska-Lincoln, the sixth was in Kansas City in conjunction 
with the 8lst American Institute of Chemical Engineers National 
Meeting, the seventh was at Iowa State University in Ames, 
and the eighth was held at the University of Missouri-Columbia. 
Attending this meeting at Iowa State were Jeanine M. Costa, 
Sanjay Holay, Ruth S. Korn, Robert A. Lewis, Michael M. Meagher, 
Antonio R. Moreira, Duane C. Ulmer, and Mark D. Wissler from 
Colorado State University, Abdelrahman A. Abdelrahman, Vasanti 
A. Deshpande, Larry E. Erickson, Mahendra Gharpuray, Snehal 
A. Patel, and Bamidele 0. Solomon from Kansas State University, 
Shahriar N. Alam, Carl D. Drewel, Charles E. Dunlap, Dennis 
Glascock, and · Minhhuong Nguyen from the University of Missouri-
Columbia, and Joyce M. Chow, Alfred R. Fratzke, James R. Frederick, 
Mary M. Frederick, Kenneth H. Hsu, Stephen M. Klein, Robert A. 
Lesch, Angela Petenate, and Peter J. Reilly from Iowa State. 
Inquires on the research presented here should be directed to 
Professors Charles E. Dunlap, Larry E. Erickson, Antonio R. Moreira, 
or Peter J. Reilly. 
Peter J. Reilly 
Editor 
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COMBINED AUTOHYDROLYSIS-ORGANOSOLV PRETREATMENT OF LIGNOCELLULOSIC MATERIALS 
Robert A. Lewis 
Department of Agricultural and Chemical Engineering 
Colorado State University 
Fort Collins, Colorado 80523 
INTRODUCTION 
Since man's supply of fossil fuel is rapidly being consumed, there has 
arisen a need for producing fuels and other organic chemicals from renewable 
resources. Lignocellulosic materials such as wheat straw represent a renewable 
biomass source which has no major use in man's foodchain (1,2). Pretreatment 
of any lignocellulosic material is necessary in order to remove the lignin and 
reduce the crystallinity of the cellulose, before efficient conversion of 
cellulose to sugars can be achieved. Since the available pretreatments are 
energy intensive and costly, optimization is essential (3). The pretreatment 
investigated in this paper is a combination of two processes, autohydrolysis 
and organosolv (4). 
The pretreatment of wheat straw fits into the overall process of converting 
lignocellulosic biomass into ethanol as shown in Figure 1. The process described 
here offers several advantages: 
1. Conversion of renewable non-food-biomass to fuels and chemicals 
without wasting fossil fuel. 
2. Provides a means for "exporting" geothermal energy from the well site. 
3. Production of potentially useful by-products (lignin and hemicellulose). 
The objective of this study is the optimizations of the two step process. 
D~~ing autohydrolysis wheat straw is contacted with hot geothermal water. The 
main autohydrolysis variables to be investigated are: 
1. Time: 0-120 minutes 
2. Water/Fiber Ratio: 1:1, 2:1, 5:1 and 10:1 
3. Temperature: 120 - 1850C 
The organosolv extraction consists in contacting autohydrolyzed wheat straw 
with a mixture of geothermal water and ethanol. The main variables investigated 
were: 
1. 
2. 
3. 
4. 
Time: 0-120 minutes 
Solvent/Fiber Ratio: 
Temperature: ambient 
Solvent Compositions: 
2:1, 5:1 and 10:1 
- l6QOC 
0- 50% (w/w), ethanol-water 
The optimum conditions for the autohydrolysis of feedlot waste fiber (5) 
at 185°C for 45 minutes were used as a basis for organosolv experimentation which 
was perfonned prior to the a,utohydrolysis optimization studies. 
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M A T E R I A L S  A N D  M E T H O D S  
B i o m a s s  - l o c a l l y  o b t a i n e d  w h e a t  s t r a w  w a s  r e d u c e d  i n  s i z e  t o  p a s s  a  0 . 5  i n c h  
s c r e e n  i n  a  M o d e l  D  C o m m i n u t e r  ( F i t z p a t r i c k  M a n u f a c t u r i n g  C o . ,  E l m h u r s t ,  I l l i n o i s ) .  
N o  f u r t h e r  p h y s i c a l  s i z e  r e d u c t i o n  o c c u r s  d u r i n g  p r e t r e a t m e n t .  
G e o t h e r m a l  W a t e r - o b t a i n e d  f r o m  E G & G  I d a h o ,  I n c . ,  I d a h o  F a l l s ,  I d a h o .  
T h e  w a t e r  w a s  c o l l e c t e d  f r o m  w e l l  R R G P 5  a n d  c o n t a i n e d  1 , 4 8 2  m g / 1  t o t a l  d i s s o l v e d  
s o l i d s .  
E n z y m e  - A  c e l l u l a s e  p r e p a r a t i o n  S P  1 2 2  ( N o v o  L a b o r a t o r i e s ,  W i l t o n ,  
C o n n e c t i c u t )  w a s  u t i l i z e d  i n  t h e  e n z y m e  h y d r o l y s i s  s t u d i e s .  C e l l o b i a s e  2 5 0 L  
( N o v o  L a b o r a t o r i e s ,  W i l t o n ,  C o n n e c t i c u t )  w a s  a d d e d  t o  a  u s a g e  l e v e l  o f  5 0 %  b y  
w e i g h t  o f  t h e  c e l l u l a s e  d o s e .  
R e a c t i o n  V e s s e l s  - A u t o h y d r o l y s i s  a n d  o r g a n o s o l v  s t u d i e s  w e r e  c o n d u c t e d  i n  
3 5  m l  c a p a c i t y  b o m b s  c o n s t r u c t e d  o f  4  x  3 / 4  i n c h  b l a c k  i r o n  p i p e  n i p p l e s .  T h e  
b o m b s  w e r e  e q u i p p e d  w i t h  a  b l a c k  i r o n  c a p  a t  o n e  e n d  a n d  a  c o m b i n a t i o n  c a r b o n  
S w a g e l o k  a n d  t y p e  K  t h e r m o c o u p l e  a t  t h e  o t h e r .  E a c h  b o m b  w a s  l o a d e d  w i t h  t h e  
e q u i v a l e n t  o f  3  g r a m s  o f  d r y  f i b e r .  T h e  r e q u i r e d  t e m p e r a t u r e  f o r  p r e t r e a t m e n t  
•  w a s  a c h i e v e d  b y  i m m e r s i n g  t h e  l o a d e d  b o m b  i n  a  h i g h  t e m p e r a t u r e  s i l i c o n e  o i l  
b a t h .  S a m p l e s  r e q u i r i n g  w a s h i n g  a f t e r  o r g a n o s o l v  w e r e  t r a n s f e r r e d  t o  a  B u c h n e r  
f u n n e l  a n d  w a s h e d  w i t h  t w o  s u c c e s s i v e  1 5  m l  a l i q u o t s  o f  d i s t i l l e d  w a t e r .  
F i b e r  A n a l y s i s  - F i b e r  s a m p l e s  w e r e  d r i e d  a t  6 0 ° C  a n d  g r o u n d  t o  4 0  m e s h  i n  
a  W i l e y  m i l l .  L i g n i n  a n a l y s i s  w a s  p e r f o r m e d  b y  p e r m a n g a n a t e  o x i d a t i o n  a s  
o u t l i n e d  b y  V a n  S o e s t  a n d  W i n e  ( 6 ) .  H e m i c e l l u l o s e  w a s  d e t e r m i n e d  f r o m  t h e  
d i f f e r e n c e  b e t w e e n  t h e  n e u t r a l  d e t e r g e n t  f i b e r  a n d  t h e  a c i d  d e t e r g e n t  f i b e r .  
C e l l u l o s e  w a s  o b t a i n e d  b y  d e t e r m i n i n g  t h e  w e i g h t  l o s s  u p o n  a s h i n g  o f  l i g n i n -
f r e e  a c i d  d e t e r g e n t  f i b e r .  
E n z y m e  H y d r o l y s i s  - T r e a t e d  f i b e r  w a s  c o n t a c t e d  w i t h  a n  e n z y m e  m i x t u r e  o f  
c e l l u l a s e  a n d  c e l l o b i a s e  ( 8 0  I U / g r a m  s u b s t r a t e )  i n  t h e  p r e s
0
n c e  o f  a  0 . 1  M  
c i t r a t e  b u f f e r .  H y d r o l y s i s  w a s  p e r f o r m e d  f o r  3  h o u r s  a t  5 0  C  i n  a n  i n c u b a t o r  
s h a k e r .  A f t e r  i n c u b a t i o n ,  t h e  s o l u b l e  s u g a r s  w e r e  d e t e r m i n e d  a s  a p p a r e n t  
g l u c o s e  b y  t h e  d i n i t r o s a l i c y l i c  a c i d  ( D N S A )  m e t h o d  o f  M i l l e r  ( 7 ) .  
L i g n i n  A n a l y s i s  - T h e  a u t o h y d r o l y s i s  l i q u o r  a n d  o r g a n o s o l v  w a s h i n g s  w e r e  
a n a l y z e d  f o r  s o l u b l e  l i g n i n  a n d  s u g a r s .  T h e  d e p o l y m e r i z e d  l i g n i n  f r a g m e n t s  
w e r e  q u a n t i f i e d  b y  t h e  P e a r l - B e n s o n  n i t r o s y l a t i o n  m e t h o d  u s i n g  g u a i a c o l  a s  a  
s t a n d a r d  ( 8 ) .  S u g a r s  w e r e  d e t e r m i n e d  a s  b e f o r e  i n  a c c o r d a n c e  w i t h  t h e  m e t h o d  
o f  M i l l e r  ( 7 ) .  
R E S U L T S  A N D  D I S C U S S I O N  
O r g a n o s o l v  - F i g u r e s  2 - 3  s h o w  t h a t  o r g a n o s o l v  e x t r a c t i o n  w a s  i n d e p e n d e n t  
o f  s o l v e n t  c o n c e n t r a t i o n ,  t e m p e r a t u r e  a n d  t i m e . - T h e  i n c r e a s e d  p e r c e n t  h y d r o l y -
s i s  i n  t h e  
1 1
e x t r a c t e d  a n d  w a s h e d
1 1  
s a m p l e s  o v e r  t h e  
1 1
e x t r a c t e d  o n l y
1 1  
s a m p l e s ,  
a s  s h o w n  i n  F i g u r e  2 ,  i n d i c a t e d  t h e  p r e s e n c e  o f  w a t e r  s o l u b l e  h y d r o l y s i s  i n -
h i b i t o r s  a f t e r  a u t o h y d r o l y s i s .  A  s l i g h t  d i f f e r e n c e  w a s  n o t e d  b e t w e e n  t h e  
1 1
W e t ,  
u n g r o u n d
1 1  
a n d  
1 1
d r i e d ,  g r o u n d
1 1  
s a m p l e s  a s  s h o w n  i n  t h e  l o w e r  s e c t i o n  o f  F i g u r e  3 .  
I n  o n e  c a s e ,  a u t o h y d r o l y z e d  f i b e r s  w e r e  d r i e d  a n d  g r o u n d  p r i o r  t o  t h e  3 - h o u r  
e n z y m e  h y d r o l y s i s .  T h e  a p p a r e n t  d e c r e a s e  i n  e n z y m e  h y d r o l y s i s  c o u l d  i n d i c a t e  
t h e  d r y i n g  o f  o n c e  w a t e r  sol~ble m a t e r i a l s  o n  t h e  c e l l u l o s e  f i b e r s  c a u s i n g  a  
d e c r e a s e  i n  e n z y m e  a c c e s s i b i l i t y .  T a b l e  1  s h o w s  t h a t  g e o t h e r m a l  w a t e r  h a d  n o  
3 
adverse effect upon the amount of sugar released by enzyme hydrolysis of auto-
hydrolyzed wheat straw. A solid to fiber ratio of 2:1 was adequate for organo-
solv extraction as shown by Table 2. 
Autohydrolysis - Figures 4-6 show Ehe results for the preliminary studies 
on autohydrolysis optimization. At 180 C the extracted sugars of hemicellulose 
reached a maximum of approximately 125 mg apparent glucose/gm dry fiber after 30 
minutes, for the water to fiber ratios of 2:1, 5:1 and 10:1 as shown in Figure 4. 
The water to fiber ratio of 1:1 resulted in only 100 mg apparent glucose/gm dry 
fiber in the same amount of time. The 1:1 ratio probably did not allow enough 
water to effectively solubilize the released sugars. A decrease in sugars con-
centration after 30 minutes was seen for all ratios tested. This decrease was 
most likely due to degradation of the hemicellulose sugars which has been re-
ported by Grethlein (9) and Frey et al (10). Figure 5 shows that the maximum 3 
hour hydrolysis of aubohydrolyzed fiber occurred at 30 minutes for wheat straw 
autohydrolyzed at 180 C. Once again the water to fiber ratios of 2:1, 5:1 and 
10:1 gave similar results, with the 1:1 ratio being significantly lower. The 
11 leveling off 11 of enzyme hydrolysis after 30 minutes indicates further auto-
hydrolysis is not warranted. The apparent maximum cellulose conversion was 
approximately 320 mg apparent glucose/gm dry fiber. The toSal extracted lignin 
also reached a maximum after 30 minutes of treatment at 180 C as shown in Figure 
6. The data shown in Figure 6 does not show the same group of data for the water/ 
fiber ratios of 2:1, 5:1 and 10:1 as seen in Figures 4 and 5. This phenomenon is 
mostlikely due to the many interferences involved in the lignin analysis (6) and 
is probably not a true representation of the actual set of events. The normal 
lignin content of wheat straw is in the range of 10-30% (3). In actuality the 
depolymerized lignin should be higher than the data indicates due to the large 
enzymatic conversion as shown in Figure 5. 
CONCLUSIONS 
Organosolv extraction is independent of extraction composition, temperature 
and time. A contact time of 5 minutes at a water/fiber ratio of 2:1 with ambient 
tapwater is optimal. The treatment by-products of autohydrolysis which inhibit 
enzyme hydrolysis are removed by subsequent water washing without the presence of 
ethanol. Drying the autohydrolysis fiber prior to enzyme hydrolysis causes de-
creased enzyme conversion. Geothermal wash water has no effect in enzyme conver-
sion. 
Autohydrolysis at 185°C for 30 minutes at a water/fiber ratio of 5:1 is 
optimal for the wheat straw tested. The solubilized sugars of hemicellulose 
appear to degrade with longer autohydrolysis time. The apparent low amount of 
solubilized lignin formed during autohydrolysis does not significantly effect 
the enzyme·hydrolysis of autohydrolyzed fiber. Approximately 90% of the available 
cellulose is converted into sugar (glucose) under the optimum conditions tested 
for autohydrolysis and organosolv. 
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Table l. Extraction of autohydrolyzed wheat straw for various times with 
solvents containing geothermal water (GTH 0): Effect of use of 
GTH20 in extracting solvents on subsequeni enzymatic hydrolysis.a 
Minutes at 
Temperature 0 10 20 35 60 90 120 
Enzymatic Hydrolysis: mg apparent glucose/g substrate/3 hoursb 
ambient 
50 EtOH:50 GTH20 290 320 270 280 
boiling 
50 EtOH:50 GTH20 310 300 320 300 
boiling 
distilled H2o 290 280 300 300 310 300 300 
aln all cases, solvent/fiber ratio during extration was 10:1 (w/w) 
bAs determined by the DNSA method (7) 
6  
T a b l e  2 .  E x t r a c t i o n  o f  a u t o h y d r o l y z e d  w h e a t  s t r a w  w i t h  4 5 %  ( w / w )  a q u e o u s  
e t h a n o l  i n  p r o g r a m m e d  t e m p e r a t u r e  r u n s :  E f f e c t s  o f  s o l v e n t / f i b e r  
r a t i o  o n  y i e l d  o f  s o l u b l e  s u g a r s  d u r i n g  3 - h o u r  e n z y m a t i c  h y d r o l y s i s .  
S / F  
T e m E e r a t u r e  ° C a  
( w / w )  
2 0  
6 0  8 0  1 0 0  1 2 0  
1 4 0  1 6 0  
E n z y m a t i c  H y d r o l y s i s :  m g  a p p a r e n t  g l u c o s e / g  s u b s t r a t e / 3  h o u r s b  
2 : 1  
3 3 0  
3 1 0  2 9 0  
- -
2 7 0  
3 5 0  3 6 0  
5 : 1  
3 3 0  
2 0 0  3 3 0  3 3 0  3 1 0  
3 2 0  
3 1 0  
l  0 :  l  
3 3 0  
3 l d  
3 2 0  2 4 0  3 4 0  
2 7 0  
3 5 0  
a D u r i n g  e x t r a c t i o n ,  t e m p e r a t u r e  w a s  p r o g r a m m e d  f r o m  0 - 1 6 0 ° C  o v e r  a  5  m i n u t e  
p e r i o d .  S a m p l e s  w e r e  r e m o v e d  f r o m  t h e  h e a t  s o u r c e  a t  t h e  i n d i c a t e d  t e m p e r a t u r e .  
b A s  d e t e r m i n e d  b y  t h e  D N S A  m e t h o d  ( 7 ) .  
------------------------"-"~----"---"-----" _ _ _ _ _ _ _ _  " _ " _ "  - - - -
Figure 1. 
Figure 2. 
~ TO LIGNIN J SEPARATION AND OLVENT RECOVEilY 
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AN INVESTIGATION OF CELLULASE ACTIVITY ASSAYS 
Minhhuong Nguyen 
Department of Chemical Engineering 
University of Missouri 
Columbia, MO 65211 
SUMMARY 
Numerous efforts have been made to obtain an optimum method for 
determining the activity of cellulase, a complex of enzymes contain-
ing chiefly endo- and exo-S-glucanases plus cellobiase. A recently 
suggested method for the measurement of saccharifying cellulase uses 
the dinitrosalicylic acid method to assay reducing-end groups pro-
duced by hydrolysis 1 • 
t 
The research presented here follows previous work 1 by using the 
filter paper assay, but it additionally defines apparent cellulase 
activity at various enzyme concentrations. The digestion test was 
carried out at 33.3 mg/ml of Whatman filter paper powder @50°C, 100 
RPM agitation for 30 minutes, with an enzyme concentration of from 1 
to 3 mg/ml of Miles Tv cellulase concentrate in citrate buffer at pH 
4.8. Reducing sugars were measured by DNS and Nelson's tests 1 ' 2 while 
glucose content was read directly on a glucose analyser. 
Experimental results showed that apparent specific activity of 
the enzyme decreased with increasing enzyme concentration, that the 
rate of hydrolysis of filter paper powder decreased as incubation 
time increased, that filter paper in powder form resulted in a higher 
activity than when used in strip form, and that an agitation level 
of 100 RPM should be applied in order to get a fairly linear hydrolysis 
curve. Nelson's test gave a better measurement of reducing sugar end 
group concentration than the DNS assay. 
~· 
1 2  
I N T R O D U C T I O N  
C e l l u l o s e ,  t h e  m o s t  a b u n d a n t  o r g a n i c  c o m p o u n d  o n  e a r t h  w i t h  a n  
a n n u a l  p r o d u c t i o n  o f  1 0
1 1  
t o n s / y e a r ,  i s  a  m a j o r  c o m p o n e n t  o f  a l l  p l a n t  
c e l l  w a l l s .  E a c h  c e l l u l o s e  m o l e c u l e  i s  a  p o l y m e r  o f  a n h y d r o - g l u c o s e  
u n i t s  l i n k e d  o n l y  b y  S - 1 , 4  b o n d s  a n d  h a s  a  m o l e c u l a r  w e i g h t  o f  f r o m  
5 0 , 0 0 0  t o  o v e r  1  m i l l i o n
3
•  
6 c  
4  
4  
t - 1 , 4  l i n k a g e  
C E L L U L O S E  
C e l l u l o s e  c a n  e x i s t  i n  e i t h e r  a n  a m o r p h o u s  o r  a  c r y s t a l l i n e  
p h y s i c a l  f o r m .  I t  i s  a  s u i t a b l e  c a r b o n  s o u r c e  f o r  c e l l u l a s e  p r o -
d u c t i o n  b y  T r i c h o d e r m a  v i r i d e
4
•  
C e l l u l a s e  i s  a  c o m p l e x  o f  e n z y m e s  c o n t a i n i n g  c h i e f l y  e n d o - a n d  
e x o - S - g l u c a n a s e s  p l u s  c e l l o b i a s e
1  
t h a t  c a n  c o n v e r t  c e l l u l o s e  t o  
s i m p l e  s u g a r s  b y  e n z y m a t i c  h y d r o l y s i s .  E n d o - 8 - 1 , 4  g l u c a n a s e  s p l i t s  
t h e  c e l l u l o s e  c h a i n s  r a n d o m l y  i n  m o r e  c e n t r a l  r e g i o n s  o f  t h e  c e l l u -
l o s e  f i b e r  w h i l e  e x o - S - 1 , 4  g l u c a n a s e  r e m o v e s  a  s i n g l e  g l u c o s e  u n i t  
f r o m  t h e  n o n - r e d u c i n g  e n d  o f  t h e  c e l l u l o s e  c h a i n .  C e l l o b i a s e  c a t -
a l y s e s  t h e  h y d r o l y s i s  o f  c e l l o b i o s e  t o  g l u c o s e .  I t  a l s o  a c t s  o n  
s h o r t  c h a i n  c e l l o - o l i g o s a c c h a r i d e s  t o  r e l e a s e  g l u c o s e
5
•  
•  
C e l l u l a s e  a c t i v i t y  i s  d i f f i c u l t  t o  q u a n t i f y  a n a l y t i c a l l y  b e -
c a u s e  o f  t h e  c o m p l e x  n a t u r e  o f  b o t h  t h e  e n z y m e s  a n d  s u b s t r a t e s .  A p -
p a r e n t  s p e c i f i c  e n z y m e  a c t i v i t y  c h a n g e s  w i t h  t y p e s  a n d  c o n c e n t r a t i o n s  
o f  e n z y m e  a n d  s u b s t r a t e .  I n  t h i s  r e s e a r c h ,  e n z y m e  a c t i v i t y  w a s  m e a -
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sured by the rate of production of glucose and reducing sugars from 
the hydrolysis of Whatman filter paper by Trichoderma viride cellulase. 
Glucose content was read directly on a glucose analyser. 
There are four common methods for determining reducing sugar 
concentration. These are copper reduction, ferricyanide, iodo-
metric6, and dinitrosalicylic acid 7 • Only the first and last were 
• applied in this study for comparison to find a suitable technique 
for measuring the true reducing end group concentration regardless 
of the kind of sugar. The dinitrosalicylic acid method, which has 
previously been used 1 is based on the reaction of alkaline 3,5-dinitro-
salicylic acid (DNS) with reducing sugars to form a red-brown reduction 
product, 3-amino-5-nitrosalicylate when heated in a boiling water bath 
for 5 minutes 8 • Absorbance at 575 m~ is proportional to the content 
of reducing sugar. Nelson•s copper reduction method was used instead 
of Somogyi•s copper-iodometric technique because the potassium iodide 
in Somogyi•s reagent inhibits the autoreduction of the copper2 ' 9 • In 
+2 + the Nelson•s test, the amount of Cu reduced to Cu is directly pro-
portional to the amount of reducing sugar in the sample analysed. The 
Cu+ formed in the reaction precipitates as the rust-colored cu2o, the 
amount of which is measured by the addition of arsenomolybdic acid. The 
intense blue color of the arsenomolybdous acid is then measured colorime-
' 
trically at 540 m~ 10 • This method is better than that using ferricyanide 
because ferric ion is considerably less specific in its reaction with 
sugar than copper. In addition, ferricyanide encounters interference 
in the analysis of polysaccharides 9 • The iodometric method was not used 
because it requires more time without providing more accurate results, 
and therefore is not an economical method for finding the enzyme activity. 
1 4  
E x p e r i m e n t a l  r e s u l t s  i n d i c a t e d  t h a t  t h e  i n t e r f e r e n c e  c a u s e d  b y  t h e  
c i t r a t e  b u f f e r  o n  N e l s o n ' s  t e s t  w a s  n e g l i g i b l e  w h e n  i t  w a s  d i l u t e d  1 0  f o l d  
w i t h  d i s t i l l e d  w a t e r .  N e l s o n ' s  t e c h n i q u e  g a v e  a  b e t t e r  m e a s u r e m e n t  o f  t r u e  
r e d u c i n g - e n d - g r o u p  c o n c e n t r a t i o n  t h a n  t h e  D N S  t e s t .  B u t  D N S  a n d  N e l s o n ' s  m e t h o d s  
a r e  n o n s p e c i f i c  b e c a u s e  t h e y  c a n n o t  i d e n t i f y  w h a t  k i n d  o f  s u g a r  i s  p r o -
d u c e d .  T h e  D N S  t e s t  h a s  t h e  a d v a n t a g e  o f  b e i n g  a  q u i c k e r  a n d  s i m p l e r  
m e t h o d .  
P R O C E D U R E  
T h e  a c t i v i t y  o f  T r i c h o d e r m a  v i r i d e  c e l l u l a s e  w a s  i n v e s t i g a t e d  a t  
v a r i o u s  c o n c e n t r a t i o n s  ( 1 - 3  m g / m l )  b y  i n c u b a t i o n  w i t h  f i l t e r  p a p e r  
a t  a  c o n c e n t r a t i o n  o f  3 3 . 3  m g / m l  i n  0 . 0 5 M  c i t r i t e  b u f f e r  @  5 0 ° C  f o r  
3 0  m i n u t e s .  T h e  r e d u c i n g  s u g a r  c o n t e n t  o f  t h e  f i n a l  m i x t u r e  w a s  
m e a s u r e d  b y  D N S  a n d  N e l s o n ' s  t e s t s  w h i l e  t h e  g l u c o s e  p r o d u c e d  w a s  
d e t e r m i n e d  o n  a  g l u c o s e  a n a l y s e r .  
A .  D I G E S T I O N  T E S T
5  
1 .  L a b e l  5  t u b e s  w i t h  s c r e w  c a p s  f r o m  0  t o  4 .  
2 .  A d d  5  m l  o f  0 . 0 5 M  c i t r a t e  b u f f e r ,  p H  4 . 8 ,  t o  e a c h  o f  
t u b e s  0  a n d  1 ,  ( 5 - v )  m l  o f  c i t r a t e  b u f f e r  t o  e a c h  o f  
t u b e s  2 , 3  a n d  4  w h e r e  v  =  0 . 5  t o  1 . 5  m l .  
3 .  A d d  1 6 6 . 5  m g  o f  f i l t e r  p a p e r  t o  a l l  t u b e s  b u t  0  a n d  2 .  
4 .  D i s s o l v e  0 . 1 0 0 0  g  o f  d r y  e n z y m e  p o w d e r  i n t o  1 0  m l  o f  t h e  
c i t r a t e  b u f f e r  i n  o r d e r  t o  h a v e  1 0  m l  o f  1 0  m g / m l  o f  
e n z y m e  i n  a  s m a l l  b o t t l e  w i t h  a  s c r e w  c a p .  
5 .  P l a c e  t h e  t u b e s  o n  a  h o r i z o n t a l  t u b e  h o l d e r  a n d  t h e  b o t t l e  
i n t o  a n  i n c u b a t o r  @  5 0 ° C  f o r  a  p r e h e a t i n g  p e r i o d  o f  3 0  m i n u t e s .  
6 .  A d d  v  =  0 . 5  t o  1 . 5  m l  o f  t h e  e n z y m e  s o l u t i o n  i n t o  e a c h  t u b e s  
2 , 3 ,  a n d  4  i n  o r d e r  t o  h a v e  a n  e n z y m e  c o n c e n t r a t i o n  f r o m  1  
. .  
., 
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to 3 mg/ml of enzyme in citrate buffer. 
7. Turn the agitation on. 
8. Incubate @ 50°C, 100 RPM agitation for 30 minutes. 
9. Remove the tubes after 30 minutes of incubation, place 
them into a boiling water bath in order to deactivate 
the enzyme. 
10. Cool and settle the tubes for 10 minutes. 
1. Take 0.5 ml of clear liquid from the digestion test with a 
Falin-Ostwald pipet. Add it to 1.0 ml of citrate buffer in 
a Folin-Wu sugar tube withanaluminum foil cap (1:3 dilution 
in citrate buffer). Mix well. 
2. Remove 0.1 ml of the mixture for reading glucose content 
directly on a glucose analyser. 
3. Add 3 ml of DNS reagent, mix and heat for 5 minutes in 
boiling water. 
4. Cool to room temperature. Dilute to 25 ml with distilled 
water and mix well. 
5. Read absorbance at 575 m~ against a blank reagent solution 
(tube 0) on a spectrophotometer. 
6. Calculate reducing sugars as glucose equivalent, referring 
to the standard curve (Fig. 1) with net absorbance equal 
to the average absorbance of tubes 3 and 4 reduced by the 
sum of absorbances of tubes 1 and 2. 
C. NELSON 1 S TEST2 
1. Take 0.1 ml of clear liquid from digestion test with a 
Falin-Ostwald pipet into a Folin-Wu sugar tube with an 
aluminum foil cap. The tube should contain 0.9 ml of 
distilled water (1:10 dilution in distilled water). 
Mix well. 
1 6  
2 .  A d d  1  m l  o f  N e l s o n  a l k a l i n e  c o p p e r  r e a g e n t  ( 1 2 . 5  m l  o f  
N e l s o n  r e a g e n t  A  a n d  0 . 5  m l  o f  N e l s o n  r e a g e n t  B  a r e  m i x e d  
t o g e t h e r )  i n t o  t h e  m i x t u r e  i n  s t e p  1 .  M i x  a n d  h e a t  f o r  
2 0  m i n u t e s  i n  b o i l i n g  w a t e r .  
3 .  C o o l  f o r  5  m i n u t e s .  A d d  1  m l  o f  a r s e n o m o l y b d a t e  r e a g e n t .  
M i x  w e l l .  S e t t l e  f o r  1 0  m i n u t e s .  
4 .  D i l u t e  t h e  c o n t e n t s  t o  2 5  m l  w i t h  d i s t i l l e d  w a t e r .  M i x  
w e l l .  
5 .  R e a d  a b s o r b a n c e  a t  5 4 0  ~ a g a i n s t  t h e  b l a n k  r e a g e n t  s o l u t i o n  
( t u b e  0 )  o n  a  s p e c t r o p h o t o m e t e r .  
6 .  C a l c u l a t e  r e d u c i n g  s u g a r  a s  g l u c o s e  e q u i v a l e n t s ,  r e f e r r i n g  
t o  t h e  s t a n d a r d  c u r v e  { F i g .  2 )  w i t h  n e t  a b s o r b a n c e  e q u a l  t o  
t h e  a v e r a g e  a b s o r b a n c e  o f  t u b e s  3  a n d  4  r e d u c e d  b y  t h e  s u m  
o f  a b s o r b a n c e s  o f  t u b e s  1  a n d  2 .  
D .  C A L C U L A T I O N :  
T h e  s p e c i f i c  e n z y m e  a c t i v i t y  w a s  c a l c u l a t e d  a s  I n t e r n a t i o n a l  
U n i t s  (~ m o l e s  o f  g l u c o s e  r e l e a s e d  p e r  m i n u t e }  p e r  m g  o f  e n z y m e .  
T h r e e  d i f f e r e n t  v a l u e s  o f  s p e c i f i c  a c t i v i t y  w e r e  o b t a i n e d  b a s e d  
o n  t h e  m e t h o d  o f  a s s a y .  
1 .  G l u c o s e  a n a l y s e r :  
( I . U . / m g  e n z . }  =  ( m g l d l  g l u c o s e )  I  ( 1 8 0  x  m g l m l  e n z . )  
2 .  D N S :  
( I . U . / m g  e n z . )  =  { m g l m l  R . S .  a s  g l u c o s e )  I  { 1 . 8  x  m g / m l  e n z . )  
3 .  N e l s o n • s :  
{ I . U . I m g  e n z . )  =  (~ m o l e / m l  R . S .  a s  G . }  I  ( 3  x  m g / m l  e n z . )  
" "  
. . . . . . . . .  
. . .  , '  
" ' - . ;  
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RESULTS 
EFFECT OF TEMPERATURE: 
A filter paper strip assay with 1.33 mg/ml of Miles Tv cellulase 
in 0.05 M citrate buffer at pH 4.8 demonstrated an optimum activity 
@ 50°C (Table 1). 
TABLE 1: EFFECT OF TEMPERATURE 
TEMPERATURE SPECIFIC ENZYME ACTIVITY (I.U./mg enz.) 
(oC) 
by glucose analyser by DNS test 
40 0.038 0.071 
50 0.084 0.105 
60 0.066 0.096 
EFFECT OF INCUBATION TIME AND ENZYME CONCENTRATION: 
The glucose and reducing sugar contents, which were produced 
by the reaction of 1,2, and 3 mg/ml of cellulase powder in citrate 
buffer on 33.3 mg/ml of filter paper powder, were measured versus 
incubation time by a glucose analyser, DNS and Nelson's tests. The 
rate of hydrolysis of cellulose, which was calculated as the initial 
slope of the hydrolysis curves (Figures 3,4 and 5), decreased as 
enzyme concentration increased. It is shown that incubation time 
should be 30 minutes in order to get a fairly linear hydrolysis rate. 
If the incubation time is longer, a false initial rate will be ob-
tained which results in a lower specific enzyme activity 10 • 
1 8  
E F F E C T  O F  A G I T A T I O N :  
T h e  d i g e s t i o n  t e s t  w a s  r u n  a t  t h r e e  d i f f e r e n t  a g i t a t i o n  s p e e d s  
o f  0 , 1 0 0 ,  a n d  2 0 0  R P M .  E x p e r i m e n t a l  r e s u l t s  i n d i c a t e d  t h a t  t h e  
v a l u e  o f  s p e c i f i c  e n z y m e  a c t i v i t y  a t  1 0 0  R P M  w a s  s i g n i f i c a n t l y  h i g h e r  
t h a n  t h a t  a t  0  R P M .  O n l y  a  s m a l l  i m p r o v e m e n t  w a s  r e c o r d e d  w h e n  i n -
c r e a s i n g  a g i t a t i o n  s p e e d  f r o m  1 0 0  t o  2 0 0  R P M .  
E F F E C T  O F  F I L T E R  P A P E R  F O R M :  
A  h i g h e r  s p e c i f i c  e n z y m e  a c t i v i t y  w a s  o b t a i n e d  w h e n  u s i n g  f i l t e r  
p a p e r  i n  p o w d e r  f o r m  i n s t e a d  o f  t h a t  i n  s t r i p  f o r m .  
D I S C U S S I O N :  
M E T H O D  F O R  D E T E R M I N A T I O N  O F  R E D U C I N G  S U G A R S :  
O n  a n  e q u i m o l a r  b a s i s ,  N e l s o n • s  t e s t  g a v e  a  b e t t e r  m e a s u r e m e n t  o f  
r e d u c i n g - e n d  g r o u p  c o n c e n t r a t i o n  t h a n  t h e  D N S  m e t h o d .  G l u c o s e  a n d  
c e l l o b i o s e  h a v e  a l m o s t  t h e  s a m e  a b s o r b a n c e  a t  5 4 0  m~ w i t h  N e l s o n • s  
r e a g e n t  w h i l e  t h e  a b s o r b a n c e  o f  c e l l o b i o s e  w i t h  D N S  a t  5 7 5  m~ i s  
h i g h e r  t h a n  t h a t  o f  g l u c o s e .  T h e  d i f f e r e n c e  b e t w e e n  t h e s e  a b s o r b a n c e s  
b e c o m e s  g r e a t e r  a t  a  l o w e r  w a v e l e n g t h .  M a n d e l s
1  
r e p o r t e d  t h a t :  
1 1
W h e n  
g l u c o s e  i s  u s e d  a s  a  s t a n d a r d ,  v a l u e s  f o r  c e l l o b i o s e  w i l l  b e  a b o u t  1 5 %  
l o w  a n d  v a l u e s  f o r  x y l o s e  a b o u t  1 5 %  h i g h  o n  a  w e i g h t  b a s i s
1 1
•  
C i t r a t e  b u f f e r  a t  a  c o n c e n t r a t i o n  o f  0 . 0 5  M  d o e s  n o t  a f f e c t  t h e  
s e n s i t i v i t y  o f  t h e  D N S  r e a g e n t ,  b u t  i t  d o e s  a f f e c t  t h e  N e l s o n • s  t e s t .  
H o w e v e r ,  t h i s  e f f e c t  i s  n e g l i g i b l e  w i t h  c i t r a t e  b u f f e r  a t  a  1 0 - f o l d  
d i l u t i o n  ( O . O O S M )  i f  t h e  h e a t i n g  p e r i o d  o f  t h e  N e l s o n • s  a s s a y  ~s 2 0  
m i n u t e s .  W i t h  a  s h o r t e r  r e a c t i o n  t i m e  o f  1 0  m i n u t e s ,  c i t r a t e  a t  a  
r e l a t i v e  l o w  c o n c e n t r a t i o n  a s  0 . 0 0 1 2 5  M  w i l l  i n t e r f e r e  w i t h  t h e  a c -
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curate determination of reducing sugars by the alkaline copper reagent11 . 
It may be explained that citrate replaces some amount of tartrate in 
the copper complexes, and these are less sensitive to reduction than 
the desired complexes 11 ' 12 • The interference of citrate buffer be-
comes greater when higher wavelengths are used. (Table 2). 
TABLE 2: EFFECT OF CITRATE BUFFER vs. WAVELENGTH 
(Nelson's test with 1 ml of 1 ~ mole/ml glucose) 
WAVELENGTH ABSORBANCE$ 
(m~) No citrate with citrate Difference 
500 0.275 0.175 -0.100 
510 0.301 0.194 -0.107 
520 0.337 0.213 -0.124 
530 0.378 0.237 -0.139 
540 0.420 0.270 -0.150 
550 0.471 0.301 -0.170 
560 0.522 0.340 -0.182 
570 0.575 0.380 -0.195 
TEMPERATURE AND pH: 
A temperature of 50°C and a pH of 4.8 were chosen because they are 
within the region of optimal activity and stability of the Tv cellulase 
as suggested by Mandels 1 and as shown by our experimental results. At 
40°C, the activity was lower as expected, while at 60°C some enzyme 
deactivation could be expected. 
2 0  
A G I T A T I O N :  
A n  a g i t a t i o n  s p e e d  o f  1 0 0  R P M  w a s  a p p l i e d  t o  t h e  d i g e s t i o n  t e s t  
i n  o r d e r  t o  r e m o v e  t h e  e x t e r n a l  d i f f u s i o n a l  r e s i s t a n c e  p o s s i b l e  i n  
r e a c t i o n s  o f  c e l l u l o s i c  m a t e r i a l s  i n  l i q u i d  m e d i a
5
•  
S U B S T R A T E  L E V E L  A N D  E N Z Y M E  C O N C E N T R A T I O N :  
A  s u b s t r a t e  c o n c e n t r a t i o n  o f  3 3 . 3  m g / m l  o f  f i l t e r  p a p e r  p o w d e r  w a s  
c h o s e n  b y  f o l l o w i n g  M a n d e l s '  s u g g e s t i o n
1
•  S u b s t r a t e  l e v e l  s h o u l d  b e  
h i g h  e n o u g h  s o  t h a t  i t  d o e s  n o t  l i m i t  t h e  h y d r o l y s i s  r e a c t i o n .  F i l t e r  
p a p e r  i n  p o w d e r  f o r m  i s  h y d r o l y z e d  f a s t e r  t h a n  w h e n  u s e d  i n  s t r i p  f o r m  
p r o b a b l y  s i n c e  t h e  p o w d e r  h a s  a  g r e a t e r  s u r f a c e  a r e a .  
T o  d e t e r m i n e  t h e  l e v e l  o f  e n z y m e  s a t u r a t i o n , g l u c o s e  a n d  r e d u c i n g  
s u g a r  p r o d u c t i o n  w a s  m e a s u r e d  a t  d i f f e r e n t  e n z y m e  c o n c e n t r a t i o n s  w h i l e  
u s i n g  3 3 . 3  m g / m l  o f  f i l t e r  p a p e r  p o w d e r  @  5 0 ° C ,  1 0 0  R P M  a g i t a t i o n  f o r  
3 0  m i n u t e s .  E x p e r i m e n t a l  r e s u l t s  p r e s e n t e d  b y  F i g u r e  6  s h o w e d  t h a t  
s u g a r  c o n t e n t s  i n c r e a s e d  w i t h  i n c r e a s i n g  e n z y m e  c o n c e n t r a t i o n s  t h e n  
l e v e l l e d  o f f .  A  s u i t a b l e  e n z y m e  c o n c e n t r a t i o n  s h o u l d  i n  t h e  r a n g e  o f  
t h o s e  w h i c h  s t i l l  s h o w  a  s i g n i f i c a n t  r e s p o n s e  f o r  a n  i n c r e m e n t a l  a d d i t i o n .  
A n  e n z y m e  c o n c e n t r a t i o n  o f  f r o m  1  t o  3  m g / m l  o f  M i l e s  T v  c e l l u l a s e  w a s  
a p p l i e d  i n  o u r  s t u d y .  
R A T E  O F  E N Z Y M A T I C  H Y D R O L Y S I S :  
T h e  r a t e  o f  h y d r o l y s i s  o f  f i l t e r  p a p e r  p o w d e r  d e c r e a s e d  a s  e i t h e r  
i n c u b a t i o n  t i m e  i n c r e a s e d  o r  e n z y m e  c o n c e n t r a t i o n  d e c r e a s e d .  T w o  i m p o r t a n t  
f a c t o r s .  w h i c h  i n t e r a c t  t o  e n h a n c e  e a c h  o t h e r  a n d  a f f e c t  t h e  e n z y m a t i c  
h y d r o l y s i s  r a t e s  a r e  s u b s t r a t e  c o m p l e x i t y  a n d  p r o d u c t  i n h i b i t i o n
1 3
•  
1 .  S u b s t r a t e  c o m p l e x i t y :  S u b s t r a t e  s u s c e p t i b i l i t y  i s  t h e  m a j o r  
f a c t o r  w h i c h  a f f e c t s  r a t e  a n d  e x t e n t  o f  h y d r o l y s i s
1 3
•  I n i t i a l l y ,  
~-------~ 
~~~~--- --- --
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amorphous cellulose is rapidly hydrolyzed, and then the rate of hy-
drolysis declines when more crystalline and resistant protions of 
cellulose are attacKed 1 • 
2. Product inhibition: T. viride cellulase is inhibited by glucose 
and cellobiose. Glucose is a weaker inhibitor than cellobiose. The 
inhibition of both sugars is more apparent when the resistance of 
cellulose increasesl3tl 4 • 
METHOD FOR CORRELATING SPECIFIC ENZYME ACTIVITY WITH ENZYME CONCENTRATION 15 : 
Specific enzyme activity decreases with increasing enzyme concen-
tration as shown in Figure 7. By plotting specific activity against 
enzyme concentration on a semi-log paper, we can obtain a straight line 
as in Figure 8 which presents specific enzyme activity (A} as a function 
of enzyme concentration (CE}: A= a.eb.CE (1} 
or: 1 n A = b. CE + 1 n a (2} 
2 2  
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Fig.3: Glucose content vs. time at 
33.3 mg/ml filter paper powder. 
Incubate @ 50°C. 
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ACTION PATTERN OF A XYLOBIOHYDROLASE FROM ASPERGILLUS NIGER 
INTRODUCTION 
Mary M. Frederick 
Department of Chemical Engineering 
Iowa State University 
Ames, Iowa 50011 
In previous symposia we had reported on the purification to homogenity 
of one component of a crude enzyme preparation from Aspergillus niger by 
Ultrogel AcA 54, SP-Sephadex C-25, Sephadex G-50 Superfine, and SP-
Sephadex C-25 column chromatography (1-3). It was labelled a xylobiohydrolase 
because its main xylan hydrolysis products were xylobiose and xylose (3). 
This enzyme had an isoelectric point at pH 6.7, and had an amino acid 
profile high in glycine, glutamic acid, and aspartic acid, and low in meth-
ionine, cysteine, and phenylalanine. Its molecular weight was 21,000. 
It was most active and stable nearpH5, and in a 20-min assay it had an 
optimum temperature at pH 5 of 55°C. Its activation energy up to 45°C was 
26.2 kJ/mol (3). 
The homogeneous xylanase was much more active on soluble xylan than 
on insoluble xylan. Xylotetraose was rapidly hydrolyzed to xylobiose, 
with smaller amounts of xylotriose and xylose. Xylotriose was more slowly 
broken down to xylobiose and xylose. Xylobiose was totally resistant to 
attack. There was no evidence of higher molecular weight transfer products (3). 
Though in last year's symposium it was implied that this xylanase was 
an exo-hydrolase, the question remained open pending further evidence. That 
evidence and a firm conclusion on its action pattern is presented in this 
paper. 
A full account of the purification and characterization of this homo-
geneous enzyme will be published shortly (4). 
MATERIALS AND METHODS 
Materials 
Xylobiose (X), xylotriose (X3), xylotetraose (X), and a mixture of 
xylopentaose (X 5)
2to xylononase (X9) was prepared by i% H2so4 hydrolysis of 
xylan at l00°C for 90 min, following glucoamylase treatment to remove con-
taminating starch. The acid hydrolysate was passed through a 50% Darco G-50 -
50% Celite 560 column (5), using ann-butanol-water linear gradient that 
reached 3.5% n-butanol. Acid hydrolysates of each product contained only 
xylose by liquid chromatography. 
High Pressure Liquid Chromatography 
Samples of xylosides after enzymatic hydrolysis were analyzed by dif-
ferential refractometry with a Waters ALC 201 liquid chromatograph, using 
3 0  
a n  A m i n e x  H P X - 4 2  c a t i o n  e x c h a n g e  c o l u m n  o f  7 . 8  m m  i . d .  a n d  3 0  m m  l e n g t h  
h e l d  a t  8 5 ° C ,  p r e c e d e d  b y  a  B i o - R a d  9 9 1 - 1 1 4 3  g u a r d  c o l u m n ,  w h i c h  r e m o v e d  
t h e  e n z y m e .  S a m p l e  s i z e  w a s  1 0 0  ~1, a n d  t h e  f l o w  r a t e  w a s  0 . 3  m l / m i n .  
? r o d u c t  ConJigurat~on 
H o m o g e n e o u s  d e s a l t e d  x y l a n a s e  w a s  i n c u b a t e d  a t  4 0 ° C  w i t h  f u l l y  
m u t a r o t a t e d  x y l o t e t r a o s e .  S a m p l e s  w e r e  q u i c k - f r o z e n  i n  a  D r y  I c e /  
m e t h a n o l  b a t h ,  l y o p h i l i z e d ,  a n d  d i s s o l v e d  i n  P i e r c e  T r i - S i l  ' Z '  
( 1 . 5  m e q / m l  t r i m e t h y l s i l y l i m i d a z o l e  i n  d r y  p y r i d i n e )  ( 6 ) .  T w o  ~1 w e r e  
i n j e c t e d  i n t o  a  V a r i a n  m o d e l  3 7 0 0  g a s  c h r o m a t o g r a p h  w i t h  a  f l a m e  i o n i -
z a t i o n  d e t e c t o r  a n d  a  1 . 5  m  l o n g ,  6 . 2  m m  o . d .  g l a s s  c o l u m n  p a c k e d  w i t h  
3 %  S E - 3 0  o n  1 0 0 - 1 2 0  m e s h  G a s  C h r o m  Q .  A f t e r  1  m i n  a t  1 6 0 ° C ,  c o l u m n  
t e m p e r a t u r e  i n c r e a s e d  1 0 ° C / m i n  t o  3 0 0 ° C ,  w h e r e  i t  w a s  m a i n t a i n e d  u n t i l  
s i l y l a t e d  x y l o t e t r a o s e  w a s  e l u t e d .  I d e n t i t y  o f  a - a n d  a - p e a k s  w a s  c o n -
f i r m e d  w i t h  s a m p l e s  o f  s i l y l a t e d  a - a n d  a - D - x y l o s e .  
R E S U L T S  
X y l a n  a n d  X y l o o l i g o s a c c h a r i d e  H y d r o l y s i s  
T o  m o r e  f u l l y  i n v e s t i g a t e  x y l a n  h y d r o l y s i s ,  1 3  m l  o f  a  2 %  s u s p e n s i o n  
o f  K o c h - L i g h t  l o t  7 4 0 2 5  l a r c h w o o d  x y l a n  w a s  m i x e d  w i t h  1  m l  o f  0 . 3 M  a c e t a t e  
b u f f e r ,  p H  5 . 5 ,  a n d  0 . 2  m l  o f  1 %  s o d i u m  a z i d e .  T h i s  m i x t u r e  w a s  i n c u b a t e d  
a t  4 0 ° C  u n d e r  3 0 0  r p m  s h a k i n g  w i t h  1  m l  o f  h o m o g e n e o u s  x y l a n a s e .  S a m p l e s  
w e r e  w i t h d r a w n  a t  s p e c i f i e d  t i m e s .  
I n i t i a l l y  o n l y  a  s i n g l e  p e a k ,  t h a t  o f  x y l a n ,  o c c u r r e d  o n  H P L C  a n a l y s i s ,  
b u t  b y  t h e  f i r s t  s a m p l e  a f t e r  e n z y m e  a d d i t i o n ,  t a k e n  w i t h i n  1  m i n ,  a p p r e c i -
a b l e  a m o u n t s  o f  o l i g o s a c c h a r i d e s  h a d  a p p e a r e d  ( F i g .  1 ) .  X y l o b i o s e  c o n -
c e n t r a t i o n  d i d  n o t  e x c e e d  t h a t  o f  t r i s a c c h a r i d e  a n d  t e t r a s a c c h a r i d e  u n t i l  
a l m o s t  2  h  h a d  e l a p s e d .  X y l o s e  c o n c e n t r a t i o n  w a s  l e s s  t h a n  t h a t  o f  t r i -
a n d  t e t r a s a c c h a r i d e s  f o r  a n  e x t e n d e d  p e r i o d .  L o n g e r  o l i g o s a c c h a r i d e s  w e r e  
n o t  f u l l y  r e m o v e d ,  p r e s u m a b l y  b e c a u s e  t h e  r e s i d u a l  m o l e c u l e s  c o n t a i n e d  
b r a n c h e s  r e s i s t a n t  t o  h y d r o l y s i s .  N e i t h e r  L - a r a b i n o s e  n o r  a n y  l o w  m o l e c u l a r  
w e i g h t  u r o n i c  a c i d  w a s  f o u n d  a t  a n y  t i m e .  
O n  a  w e i g h t  b a s i s ,  t h i s  e n z y m e  h y d r o l y z e d  s l i g h t l y  o v e r  7 5 %  o f  t h e  s o l u -
b l e  x y l a n  t o  m o l e c u l e s  o f  6  s a c c h a r i d e  u n i t s  o r  l e s s .  
A  0 . 5 %  X  - x
9  
m i x t u r e  w a s  r a p i d l y  h y d r o l y z e d  t o  a  m i x t u r e  o f  s h o r t e r  
~looligosacc~ar1des,chiefly x
3
,  x
2
,  a n d  x
4
,  w i t h  x
2  
b e i n g  t h e  p r e d o m i n a n t  
f 1 n a l  p r o d u c t .  
P r o d u c t  C o n f i g u r a t i o n  
P r o d u c t s  o f  e n z y m a t i c  X  h y d r o l y s i s  h a d  a  h i g h e r  d e g r e e  o f  a - c o n -
f i g u r a t i o n  t h a n  c o u l d  b e  s u p p i i e d  b y  t h e  r e a c t a n t  o r  b y  p r o d u c t s  i n i t i a l l y  
p r e s e n t  a s  c o n t a m i n a n t s  ( T a b l e  I ) .  W i t h  i n c r e a s i n g  t i m e  x
1
,  x
2
,  a n d  x
3  
m u t a r o t a t e d  t o  m i x t u r e s  c o n t a i n i n g  h i g h e r  a m o u n t s  o f  a - a n o m e r .  
D I S C U S S I O N  
T h o u g h  t h i s  e n z y m e  i s  u n d o u b t e d l y  a n  e n d o - x y l a n a s e ,  a s  d e m o n s t r a t e d  
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by its extremely rapid production of xylooligosaccharides of medium length 
from xylan, configuration of the products is inverted, a property more 
commonly ascribed to exo-hydrolases (7). As with other exo- and endo-
hydrolases but not glycoside glycohydrolases, such as B-xylotriose, this 
xylanase is more active on larger substrates, attack on xylotriose being 
very slow and that on xylobiose nonexistent. As yet, there is no con-
clusive evidence of the existence of a exo-xylanase that yields dimer 
greatly in excess of other products, such as 8-amylase or cellobiohydroiase 
in similar hydrolase families. 
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TABLE I 
PRODUCTION OF ANO~lliRS FROM HYDROLYSIS OF XYLOTETRAOSE WITH HOMO-
GENEOUS XYLANASE AT 40°C AND pH 5.5 
Fully 
Silylated Time of Elution, Time of Incubation, min Mutarotated 
Anomer min 0.75 6 20 120 Standard 
Percentage of species in anomeric form 
x1 
ex 4.5 52.1 50.0 49.8 46.6 41.5 
a 5.0 47.9 50.0 50.2 53.4 58.5 
x2 
ex 12.3 36.9 31.0 19.1 17.8 17.1 
a 12.7 63.1 69.0 80.9 82.2 82.9 
x3 
ex 18.0 37.1 29.5 30.2 <20 <20 
a 18.3 62.9 70.5 69.8 >80 >80 
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ESTIMATION OF HEATS OF COMBUSTION OF BIOMASS 
FROM ELEMENTAL ANALYSIS USING AVAILABLE ELECTRON CONCEPTS 
INTRODUCTION 
SNEHAL A. PATEL 
Department of Chemical Engineering 
Kansas State University 
Manhattan, Kansas 66506 
Material and energy balances are used widely in the analysis of pro-
cesses associated with solar energy. In the utilisation of agricultural and 
forest products such balances are frequently required for engineering analysis 
and design. One of the most important properties which has to be known, for 
such products, in order to make exact material and energy balances is the 
heating value. In biochemical engineering, the carbon weight fraction in dry 
microbial biomass, the number of equivalents of available electrons per g.atom 
carbon in biomass, and the heat of reaction per equivalent of available elec-
tron transferred to oxygen are relatively constant [1]. The average values 
of these regularities have been used with considerable success by Erickson, 
Minkevich and Eroshin in the analysis of microbial growth and product form-
ation [2]. In this paper these concepts have been extended to cover combustion 
processes. This work is based on the earlier work of Thornton (5] • 
The objective of this work is to provide a relationship between the 
elemental compositions and the heats of combustion of renewable energy resources 
such as crop residues, cereal products, forest products and wood wastes. This 
can be done by finding average values of the weight fraction carbon on a dry 
basis, the number of equivalents of available electrons per g.atom carbon and 
the heat of combustion per equivalent of available electron transferred to 
oxygen for each substance of interest. 
This paper also makes a comparision between the values of the heats 
of combustion calculated using the Dulong's formula and those calculated using 
the available electron concept. 
THEORY 
Available Electron Concept: The balance equation for oxidation of dry biomass 
can be expressed 
(1) 
where, CH 0 N denotes the elemental composition of the biomass calculated 
per atom gfncarbon, and 
'ib = 4 + p- 2n (2) 
3 6  
i s  t h e  r e d u c t a n c e  d e g r e e  o f  t h e  b i o m a s s ;  t h a t  i s ,  ~b i s  t h e  n u m b e r  o f  e q u i -
v a l e n t s  o f  o x y g e n  r e q u i r e d  p e r  q u a n t i t y  o f  b i o m a s s  c o n t a i n i n g  o n e  g . a t o m  o f  
c a r b o n  f o r  o x i d a t i o n  o f  b i o m a s s  t o  c o
2
,  H
2
o  a n d  N
2
.  I n  e q u a t i o n  ( 2 ) ,  t h e  v a l u e s  
o f  r e d u c t a n c e  d e g r e e ,  C = 4 ,  H = l ,  0 = - 2  a n d  N = O  a r e  u s e d :  t h u s ,  c o
2
,  H
2
o  a n d  N
2  
h a v e  r e d u c t a n c e s  d e g r e e s  o f  z e r o .  
i b  m a y  a l s o  b e  d e f i n e d  a s  t h e  n u m b e r  o f  e q u i v a l e n t s  o f  a v a i l a b l e  
e l e c t r o n s  p e r  q u a n t i t y  o f  t h e  b i o m a s s  c o n t a i n i n g  1  g . a t o m  c a r b o n .  T h e n ,  a n  
a v a i l a b l e  e l e c t r o n  b a l a n c e  f o r  e q u a t i o n  ( 1 )  w o u l d  r e s u l t  i n  e q u a t i o n  ( 2 ) .  T h u s ,  
~b a l s o  g i v e s  t h e  n u m b e r  o f  a v a i l a b l e  e l e c t r o n s  i n  t h e  b i o m a s s  w h i c h  a r e  t r a n s -
f e r r e d  t o  oxygen~ K n o w i n g  t h e  h e a t  o f  r e a c t i o n  p e r  e q u i v a l e n t  o f  a v a i l a b l e  
e l e c t r o n  t r a n s f e r r e d  t o  o x y g e n ,  t h e  h e a t  o f  c o m b u s t i o n  f o r  b i o m a s s  c a n  b e  c a l -
c u l a t e d .  T h i s  i s  f o r  a  q u a n t i t y  c o n t a i n i n g  1  g . a t o m  o f  c a r b o n .  I n  o r d e r  t o  o b t a i n  
t h e  h e a t  o f  c o m b u s t i o n  p e r  g . m o l e  o f  t h e  b i o m a s s ,  t h e  a b o v e  v a l u e  h a s  t o  b e  
m u l t i p l i e d  b y  t h e  n u m b e r  o f  c a r b o n  a t o m s  p e r  m o l e c u l e  o f  b i o m a s s .  
D u l o n g ' s  F o r m u l a :  T h i s  i a  a  f o r m u l a  f o r  d e t e r m i n i n g  t h e  a p p r o x i m a t e  c a l o r i f i c  
v a l u e  o f  a  f u e l  b y  c o m p u t a t i o n  f r o m  t h e  u l t i m a t e  a n a l y s i s  o f  t h e  f u e l .  T h i s  
f o r m u l a  g i v e s  r e a s o n a b l y  a c c u r a t e  r e s u l t s  f o r  m o s t  c o a l s .  I n  B r i t i s h  T h e r m a l  
U n i t s  p e r  p o u n d  i t  i s  [ 3 ]  :  
B t u / l b . =  1 4 , 4 5 0 C  +  6 1 , 5 0 0 ( H  - ~) +  4 0 0 0 S  ( 3 )  
T h e  s y m b o l s  r e p r e s e n t  t h e  p r o p o r t i o n a l  p a r t s  b y  w e i g h t  o f  t h e  c o n s t i t u e n t s  o f  
t h e  f u e l  ( c a r b o n ,  h y d r o g e n ,  o x y g e n  a n d  s u l p h u r ) ;  t h e  c o e f f i c i e n t s  r e p r e s e n t  
t h e  a p p r o x i m a t e  c a l o r i f i c  v a l u e s  o f  t h e  c o n s t i t u e n t s  i n  B t u / 1 b  T h e  t e r m  0 / 8  
i s  a  c o r r e c t i o n  a p p l i e d  t o  t h e  h y d r o g e n  i n  t h e  f u e l  t o  a l l o w  f o r  t h e  h y d r o g e n  
a l r e a d y  c o m b i n e d  w i t h  o x y g e n  i n  t h e  f o r m  o f  m o i s t u r e .  T h e r e  a r e  c e r t a i n  s o u -
r c e s  o f  p o s s i b l e  e r r o r  i n  t h e  u s e  o f  t h i s  f o r m u l a  w h i c h  o f f e r  t h e  e x p l a n a t i o n  
a s  t o  w h y  i t  i s  n o t  a p p l i c a b l e  t o  a l l  f u e l s  [ 4 ] .  
W h e n  c a r b o n  a n d  h y d r o g e n  a r e  c o m b i n e d  a s  h y d r o c a r b o n s ,  t h e  h e a t i n g  
v a l u e  o f  s u c h  a  c o m b i n a t i o n  w i l l  i n v o l v e  t h e  h e a t  o f  d i s s o c i a t i o n ,  a p a r t  f r o m  
t h e  h e a t i n g  v a l u e  o f  t h e  i n d i v i d u a l  c o n s t i t u e n t s .  T h i s  f a c t o r  h a s  n o t  b e e n  
r e p r e s e n t e d  i n  t h e  a b o v e  f o r m u l a .  N e i t h e r  d o e s  t h e  f o r m u l a  t a k e  i n t o  c o n s i d e r -
a t i o n  t h e  o x y g e n  w h i c h  m i g h t  e x i s t  i n  a  f r e e  s t a t e  o r  i n  c o m b i n a t i o n  w i t h  
n i t r o g e n  o r  c a r b o n  i n  t h e  f o r m  o f  n i t r a t e s  o r  c a r b o n a t e s .  
E q u a t i o n  ( 3 )  m o d i f i e d  t o  g i v e  t h e  h e a t i n g  v a l u e  i n  t e r m s  o f k c a l /  
g . m o l e ,  w o u l d  h e  
k c a l / g . m o l e  =  9 6 . 3 3 5 c '  +  3 4 . 1 6 7 ( h '  - 2 o ' )  +  7 1 . 1 1 2 s '  ( 4 )  
T h e  s y m b o l s  i n  t h i s  e q u a t i o n  r e p r e s e n t  t h e  n u m b e r  o f  g . a t o m s  o f  t h e  c o n s t i -
t u e n t s  p e r  g . m o l e  o f  t h e  f u e l .  
R E S U L T S  A N D  D I S C U S S I O N  
H e a t s  o f  c o m b u s t i o n  f o r  v a r i o u s  g r o u p s  o f  c o m p o u n d s  h a v e  b e e n  c a l c u  -
l a t e d  u s i n g  t h e  m e t h o d s  d i s c u s s e d  a b o v e .  T h e  c o n s t a n t  v a l u e  f o r  t h e  h e a t  e v o l v e d  
p e r  e q u i v a l e n t  o f  a v a i l a b l e  e l e c t r o n  i s  t a k e n  a s  2 6 . 5  k c a l s  [ 5 , 6 ]  .  
W h e n  h e a t s  o f  c o m b u s t i o n  f o r  v a r i o u s  g r o u p s  o f  h y d r o c a r b o n s  w e r e  
c a l c u l a t e d  a n d  c o m p a r e d  w i t h  t h e  a c t u a l  v a l u e s  a v a i l a b l e  i n  l i t e r a t u r e  [ 7 , 8 ]  
------------ -
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a very close match was noticed between them. Table-1 shows some of the groups 
for which the heats of combustion were calculated. It also shows the averap,e 
percentage deviation of the calculated values from the actual values as well 
as their standard deviations. In this table it may be observed that the error 
in using the Dulong's formula is considerably more. 
Tables- 2,3,4,5 and 6 give the heats of combustion, c3lculated by 
the two methods, together with the percentage errors for a few groups of com-
pounds. Also tabulated alongside are the reductance degrees and molecular 
weights of individual compounds. A very interesting observation was made 
while calculating the heats of combustion using the available electron con-
cept. When plots were made of the absolute percentage error vs. molecular 
weights for compounds within a specific group, it was found that the calculated 
values converged to the actual values at high molecular weights. Figures 1 and 
2 show such plots for the compounds listed in tables - 2,3,4,5 and 6. Though 
a lot of data would be necessary before this phenomenon can be confirmed, the 
usefulness of such an occurance in calculations involving biomass is note-
worthy. This is because most of the renewable energy resources consist of long 
chain compounds like carbohydrates, proteins, fatty acids and their likes. 
The cases dealt with uptill now involved pure hydrocarbons with simple 
molecular structures, The method has been extended to cover samples of natur-
ally occuring substances as well. Among these were softwoods and hardwoods, 
the data for which was readily available [9]. Tables 7 and 8 give the details 
of the calculated and actual heats of combustion for these substances. In each 
case the values obtained using the available electron concept are much closer 
to the actual values than those calculated using the Dulong's formula. 
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T a b l e  1  H e a t s  o f  C o m b u s t i o n  f o r  v a r i o u s  g r o u p s  o f  H y d r o c a r b o n s  
H Y D R O C A R B O N  G R O U P  D U L O N G ' S  A V A I L  E L E C  C O N C E P T  
A v .  E r r o r  S t d .  D e v .  A v .  E r r o r  S t d .  D e v .  
E s t e r s  
- 3 . 2  
4 . 6  0 . 1  1 . 7  
T e r t i a r y  a l c o h o l s  
a n d  p h e n o l s  
0 . 1  
3 . 7  
1 . 8  
1 . 9  
,  K e t o n e s  
1 . 9  
2 . 5  
0 . 8  1 . 3  
N i t r o  c o m p o u n d s  
- 2 9 . 6  
3 5 . 4  - 1 . 3  
2 . 7  
A m i  d e s  - 2 . 1  
7 . 0  
2 . 2  2 . 4  
C a r b o h y d r a t e s  
- 1 2 . 5  
1 3 . 2  
- 4 . 3  
4 . 8  
A l i p h a t i c  a m i n e s  
( p r i m a r y )  
5 . 1  
5 . 7  
- 0 . 6  
2 . 8  
A m i n o  a c i d s  
( a l i p h a t i c )  
- 3 . 1  
5 . 7  1 . 4  1 . 9  
L  C y c l i c  u r e i d e s  
- 7 . 9  
1 1 . 5  
0 . 5  6 . 7  
T a b l e  2  H e a t s  o f  C o m b u s t i o n  f o r  C a r b o h y d r a t e s  
) ' b  
m o l  O B S E R V E D  D U L O N G ' S  A V A I L  E L E C  
w t .  
k c a l s  
X y l o s e  
4 G 0  1 5 0  
5 6 1 . 5  
F u c o s e  
4 . 5  1 6 4  
7 1 1 . 9  
D - G l u c o s e  
4 . o  
1 8 0  6 7 3 . 0  
L - F r u c t o s e  
4 . 0  
1 8 0  6 7 5 . 6  
G a l a c t o s e  
4 . 0  
1 8 0  6 6 9 . 5  
R h a m n o s e  t r i o :  
-
a c e t a t e  4 . 2  
2 9 0  1 3 5 0 . 5  
I  P e n t a a c e t y l -
I .  _ _ _  glucos~ _ _  
4 . 0  
3 9 0  
1 7 2 6 . 3  
- - - - - - - - - -
s u m m a r y  ( f o r  1 3  c o m p o u n d s )  
M e a n  e r r o r  
S t d .  d e v i a t i o n  
V a r i a n c e  
D U L O N G ' S  
- 1 2 . 5  
1 3 . 2  
1 7 3 . 1  
k e a l s  
4 8 1 . 7  
6 4 6 . 3  
5 7 8 . 0  
5 7 8 . 0  
5 7 8 . 0  
1 2 2 4 . 4  
1 5 4 1 . 4  
% E r r  
k c a l s  
- 1 4 . 2  5 3 0 . 0  
- 9 . 2  6 8 9 . 0  
- 1 4 . 1  6 3 6 . 0  
- 1 4 . 4  
6 3 6 . 0  
- 1 3 . 7  6 3 6 . 0  
- 9 . 3  1 3 2 5 . 0  
- 1 0 . 7  1 6 9 6 . 0  
A V A I L  E L E C  
- 4 . 3  
4 . 8  
2 2 o 6  
% E r r  
- 5 . 6  
- 3 . 2  
- 5 . 5  
- 5 . 9  
- 5 . o  
- 1 . 9  
- 1 . 8  
I  
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Table 3 Heats of Combustion for Amino Acids (aliphatic) 
6b mol OBSERVED DULONG'S AVAIL ELEC 
wt. kcals· kcals 
Glycine 4.5 75 234.5 226.8 
Alanine 5.0 89 387.7 391.5 
Aspartic acid 3.8 133 384.9 351.2 
Glutamic acid 4.2 147 542.4 515.8 
d-1-Leucylgly-
cine 5.3 188 1095.3 1112.4 
Levaneimide 5.5 226 1723.8 1771.0 
Triglycylglycine 4.5 246 946.6 907.3 
summary (for 27 compounds) 
Mean error 
Std. deviation 
Variance 
DULONG'S 
-3.1 
5.7 
32.8 
%Err 
-3.3 
1.0 
-8.8 
-4.9 
1.6 
2.7 
-4.1 
kctds 
-
238.5 
397.5 
397.5 
556.5 
1113.0 
1749.0 
954.0 
AVAIL ELEC 
1.4 
L9 
3.4 
Table 4 Heats of Combustion for Aliphatic Amines (secondary) 
%Err 
1.7 
2.5 
3.3 
2.6 
1.6 
1.5 
0.8 
'(b mol OBSERVED DULONG'S AVAIL ELEC 
WT. 
Dimethylamine 7.5 45 
Diethylamine 6.8 73 
Diisobutylamine 6.4 129 
Benzylethyl-
amine 5.4 135 
Diisoamylamine 7.1 157 
Dibenzylamine 4.5 197 
summary (for 6 compounds) 
Mean error 
Std deviation 
Variance 
kcals kcals 
418.2 431.8 
730.6 761.2 
1348.4 1419.9 
1289.6 1311.2 
1660.4 1749.2 
1853.0 1861.2 
DULONG'S 
3.4 
4.2 
17.6 
%Err kcals 
3.3 
4.2 
5.3 
1.7 
5.3 
0.4 
397.5 
715.5 
1351.5 
1298.5 
1669.5 
1881.5 
L___ 
AVAIL ELEC 
-0.7 
2.5 
6.4 
%Err 
-4.9 
-2.1 
0.2 
0.7 
o.s 
1. 5 
-
I 
. 
4 0  
T a b l e  5  H e a t s  o f  C o m b u s t i o n  f o r  A m i d e s  ( a l i p h a t i c )  
- - - - -
t b  
m o l  O B S E R V E D  
D U L O N G ' S  
A V A I L  E L E C  
w t ,  
k c a l s  
k c a l s  
% E r r  
k c a l s  
% E r r  
U r e a  6 . 0  6 0  1 5 1 . 6  
1 6 4 . 7  8 . 6  1 5 9 . 0  4 . 9  
O x a m i c  a c i d  2 . 5  
8 9  
1 2 8 . 6  
9 0 . 2  2 9 . 9  1 3 2 . 5  3 . 0  
A c e t y l u r e a  
4 . 7  
1 0 2  3 6 0 . 9  3 5 7 . 3  - 1 . 0  
3 7 1 . 0  
2 . 8  
O x a l u r i c  a c i d  
2 .  7 '  
1 3 2  2 0 7 . 5  
1 5 2 . 3  - 2 6 . 6  
2 1 2 . 0  
2 . 2  
M e s o t a r t r a m i d e  4 . 0  
1 4 8  
4 2 6 . 6  3 8 5 . 3  - 9 . 7  
4 2 4 . 0  - 0 . 6  
D i m e t h y l m a l o n -
a m i d e  5 . 2  
1 5 8  9 9 4 . 8  
1 0 1 6 . 0  
2 . 1  1 0 0 7 . 0  
1 . 2  
- - - - - - - - - - - - - - - - - - - -
s u m m a r y  ( f o r  3 0  c o m p o u n d s )  
D U L O N G ' S  A V A I L  E L E C  
M e a n  e r r o r  
- 3 . 0  
1 . 0  
S t d  d e v i a t i o n  
9 . 3  
2 . 4  
V a r i a n c e  8 5 . 9  5 . 9  
T a b l e  6  H e a t s  o f  C o m b u s t i o n  f o r  I m i d e s  
-
l b  
m o l  O B S E R V E D  
D U L O N G ' S  
A V A I L  E L E C  
w t .  
k c a l s  
k c a l s  
S u c c i n i m i d e  
4 . 3  
9 9  4 3 7 . 9  4 1 9 . 5  
d l - N - M e t h y l t a r -
t r i m i d e  
3 . 8  1 4 5  5 1 6 . 5  4 4 7 . 5  
P h t h a l i m i d e  
4 . 1  1 4 7  
8 4 9 . 5  
8 0 4 . 8  
d - N - E t h y l t a r -
t r i m i d e  
4 . 1  
1 5 9  
6 7 1 . 1  6 1 2 . 2  
H e m i p i n i m i d e  4 . 1  2 0 7  
1 0 9 9 . 0  9 9 7 . 5  
d - N - P h e n y l t a r -
t r i m i d e  
4 . 1  2 0 7  1 0 8 5 . 7  9 9 7 . 5  
d l - N - B e n z y l t a r -
t r i m i d e  
4 . 3  
2 2 1  1 2 3 7 . 7  1 1 6 2 . 2  
---~----
s u m m a r y  ( f o r  1 2  c o m p o u n d s )  
M e a n  e r r o r  
S t d  d e v i a t i o n  
V a r i a n c e  
D U L O N G ' S  
- 7 . 8  
8 . 5  
7 1 . 9  
- - - - - - - - - - - - -
% E r r  
k c a l s  
- 4 . 2  4 5 0 . 5  
- 1 3 . 4  5 0 3 . 5  
- 5 . 3  8 7 4 . 5  
- 8 . 8  6 6 2 . 5  
- 9 . 2  1 0 8 6 . 5  
- 8 . 1  1 0 8 6 . 5  
- 6 . 1  '  
1 2 4 5 . 5  
A V A I L  E L E C  
o . o  
1 .  7  
2 . 8  
% E r r  
2 . 9  
- 2 . 5  
2 . 9  
- 1 . 3  
- 1 . 1  
0 . 1  
0 . 6  
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Table 7 Heats of Combustion for Softwoods 
yb OBSERVED DULONG'S AVAIL ELEC 
Btullb BtU/lb Btu/lb 
. 
%Err %Err 
-
Cedar, white 4.20 8400 7521 -10.5 8114 -3.4 
Cypress 4.39 9870 9004 -8.8 9553 -3.2 
Fir, Douglas 4.28 9050 8286 -8.4 8871 -2.0 
Hemlock, western 4.15 8620 7641 -11.4 8279 -4.0 
Pine, pitch 4.63 11320 10394 -8.2 10819 -4.4 I 
Pine, white 4.21 8900 8129 -8.7 8761 -1.6 I 
Pine, yellow 4.46 9610 8803 -8.4 9286 -3.4 I Redwood 4.19 9040 8229 -9.0 8883 -1.7 I 
surranary 
DULONG'S AVAIL ELEC 
Mean error -9.2 -3.0 
Std. deviation 9.9 3.3 
Variance 97.1 11.1 
Table 8 Heats of Combustion for Hardwoods 
'tb OBSERVED DULONG'S AVAIL ELEC ·-1 Btu/lh Btu/lb %Err Btu/lb %Err 
-··-· 
Ash, white 4.37 8920 8107 -9.1 8612 -3.5 
Beech 4.25 8760 8093 -7.6 8691 -0.8 
Birch, white 4.26 8650 7812 -9.7 8385 -3.1 
Elm 4.30 8810 8029 -8.9 8581 -2.6 
Hickory 4.27 8670 7824 -9.8 8389 -3.2 
Oak, black 4.12 8180 7307 -10.7 7947 -2.8 
Oak, red 4.28 8690 7829 -9.9 8385 -3.5 
Oak, white 4.30 8810 8025 -8.9 8581 -2.6 
Poplar 4.25 8920 8093 -9.3 8691 -2.6 
Maple 4.19 8580 7780 -9.3 8401 -2.1 
summary 
DULONG'S AVAIL ELEC 
Mean error -9.3 -2.7 
Std. deviation 9.8 2.9 
Variance 97.0 8.6 
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Figure - 2. Magnitude of absolute error vs. molecular weight for 
Aliphatic amines (0,1) Amides (t,2) 
Imides (D,3) Amino acids (•,4) 
(Data for these plots have been presented in tables 3,4,5,& 6) 
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Design of A Wheat Straw to Ethanol Conversion Facility 
~1ichael M. Meagher 
Department of Engineering Science 
Colorado State University 
Fort Collins, Colorado 80523 
The use of lignocellulosic residue as a sugar source for the production of 
ethanol by fermentation has become an increasingly important topic due to the 
rising cost of crude oil prices. Ethanol is manufactured from ethylene and thus 
its price is directly proportional to the cost of oil. There are many types of 
residues that can be utilized for ethanol production. Wheat straw was chosen for 
two reasons: 1) it is highly abundant around the Colorado, Nebraska and Kansas 
area and 2) it has a high cellulose content of approximately 40% (1). However, 
there are some drawbacks to the utilization of wheat straw. First, it contains 
13-16% lignin; this substance along with the highly crystalline structure of cell-
ulose restricts the ability of hydrolytic agents to break down the cellulose into 
~ its glucose subunits. In addition, wheat straw also serves as a mineral source for 
the soil. After the harvest farmers will plow the straw into the soil causing it 
to decay and release its nutrients. 
Ethanol can also be produced by fermentation of grains. Although a much 
simpler process, grain fermentation competes with the use of grains in the food 
chain. This may not be a strong point to debate due to today•s surplus of grains; 
however, a large scale, nationwide use of grains for alcohol production could 
very easily drive the price of grains to unrealistically high levels. 
The process proposed here to convert wheat straw to ethanol includes milling, 
pretreatment, enzyme hydrolysis, enzyme recovery, evaporation, fermentation and 
distillation. This process is applicable to any type of cellulosic residue. 
This paper deals with the method used to produce ethanol, along with the 
process economics. 
PROCESS DESCRIPTION 
The flow sheet for a 6.5 x 106 gallon/year ethanol fermentation facility 
is shown in Figure 1. 
The first step upon receiving the wheat straw is a wet milling operation. 
This grinds the straw into small particles ranging from .25 inches to 48 mesh. 
The milling increases the surface area of the straw particles thus allowing for 
a more effective pretreatment and enzyme hydrolysis. 
Abter milling the wheat straw is injected with steam for twenty minutes 
at 383 F and 204 psia. This process will hydrolyze the hemicellulose, depoly-
merize the lignin and loosen the cellulose microfibrils. The steam to solid 
ratio utilized is 3 to 1. After ste~ming, the slurry is washed with water and 
filtered. This will remove some of the lignin and almost all of the hemicellu-
lose sugars. 
4 6  
T h e  p r e t r e a t e d  s l u r r y  i s  t h e n  t r a n s p o r t e d  t o  a  c o n t a i n e r  w h e r e  i t  i s  
c o n t a c t e d  w i t h  a  p r e v i o u s l y  h y d r o l y z e d  s o l u t i o n  o f  w h e a t  s t r a w .  T h e  f i l t e r e d  
s o l u t i o n  c o n t a i n s  f r e e  f l o a t i n g  e n z y m e s  ( c e l l u l a s e s )  w h i c h  w i l l  a d s o r b  o n t o  t h e  
p r e t r e a t e d  w h e a t  s t r a w .  T h i s  p r o c e s s  t a k e s  a b o u t  3 0  m i n u t e s .  A f t e r  t h i s  t i m e  
t h e  s l u r r y  i s  f i l t e r e d ,  w i t h  t h e  s t r a w  a n d  a t t a c h e d  e n z y m e  g o i n g  t o  t h e  h y d r o l y -
s i s  s t a g e  a n d  t h e  s u g a r  s o l u t i o n  g o i n g  t o  e v a p o r a t i o n .  T h e  e n z y m e  r e c o v e r y  
s y s t e m  i s  5 8 %  e f f i c i e n t  ( 2 ) .  
T h e  p r e t r e a t e d  s t r a w  a n d  a d s o r b e d  e n z y m e  a r e  t h e n  f e d  i n t o  a  h y d r o l y s i s  
r e a c t o r  w h e r e ,  u p o n  a d d i t i o n  o f  m a k e  u p  e n z y m e ,  h y d r o l y s i s  w i l l  o c c u r  f o r  1 2  
h o u r s  a t  5 0 ° C  a n d  a n  e n z y m e  c o n c e n t r a t i o n  o f  2 . 3  I U / g r a m  o f  d r y  s o l i d ;  u n d e r  
s u c h  c o n d i t i o n s  8 0 %  o f  t h e  c e l l u l o s e  i s  a s s u m e d  h y d r o l y z e d  i n t o  g l u c o s e .  T h e  
r e m a i n i n g  c e l l u l o s e  a l o n g  w i t h  t h e  l i g n i n  a n d  a s h  a r e  f i l t e r e d  o f f  a n d  t h e n  
b u r n e d  f o r  s t e a m  g e n e r a t i o n .  T h e  h y d r o l y z e d  s o l u t i o n  i s  t h e n  c o n c e n t r a t e d  i n  
a  s i n g l e  s t a g e  f o r c e d  c i r c u l a t i o n  e v a p o r a t o r  a n d  p u m p e d  t o  a  h o l d i n g  t a n k  f o r  
f u r t h e r  u s e  i n  t h e  f e r m e n t a t i o n  _ s t a g e .  
E t h a n o l  p r o d u c t i o n  i s  a c c o m p l i s h e d  i n  a  f e r m e n t a t i o n  v e s s e l  w i t h  a  c a p a c i t y  
o f  2 5 0 , 0 0 0  g a l l o n s  a t  a n  i n i t i a l  s u g a r  c o n c e n t r a t i o n  o f  1 0 %  ( w / w ) .  T h e  f e r m e n t o r  
i s  c h a r g e d  w i t h  t h e  s u g a r  s o l u t i o n  f r o m  t h e  h o l d i n g  t a n k  a l o n g  w i t h  c o r n  s t e e p  
l i q u o r  ( C S L ) ,  a n d  d i a m m o n i u m  p h o s p h a t e .  T h e  f i n a l  C S L  c o n c e n t r a t i o n  i s  2 %  ( w / w )  
a n d  t h e  c o n c e n t r a t i o n  o f  ( N H
4
) ? H P 0
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i s  1 %  ( w / w )  (3~. F e r m e n t a t i o n  i s  c a r r i e d  
o u t  a n a e r o b i c a l l y  f o r  a p p r o x 1 m a t e l y  1 4  h o u r s  a t  2 8  C  ( 4 )  w i t h  a  f i n a l  e t h a n o l  
c o n c e n t r a t i o n  o f  5 . 1 %  ( w / w ) .  
A f t e r  f e r m e n t a t i o n  t h e  b r o t h  i s  c e n t r i f u g e d  t o  s e p a r a t e  o u t  t h e  c e l l s  f r o m  
t h e  l i q u i d .  T h e  y e a s t  c r e a m  i s  t h e n  drie~ package~ a n d  s o l d  a s  a  s o u r c e  o f  p r o -
t e i n .  T h e  l i q u i d  i s  p u m p e d  t o  a  d i s t i l l a t i o n  c o l u m n  w h e r e  t h e  e t h a n o l  i s  c o n c e n -
t r a t e d  t o  9 5 %  ( w / w ) .  
T h e  h e m i c e l l u l o s e  s u g a r s  r e l e a s e d  f r o m  t h e  p r e t r e a t m e n t  s t a g e  c a n  a l s o  b e  
f e r m e n t e d  t o  e t h a n o l  a s  s e e n  i n  F i g u r e  2 .  A f t e r  c o n c e n t r a t i o n  i n  a  f o r c e d  
c i r c u l a t i o n  s i n g l e  e f f e c t  e v a p o r a t o r  t h e  s u g a r  s o l u t i o n  i s  f e d  t o  a  2 0 0 , 0 0 0  
g a l l o n s  f e r m e n t o r  inocula~ed w i t h  Ba~ ma¢e~an6. T h e  f e r m e n t a t i o n  w i l l  t a k e  
p l a c e  f o r  2 0  h o u r s  a t  3 7  C .  T h e  f e r m e n t e d  b r o t h  w i l l  c o n t a i n  3 %  ( w / w )  e t h a n o l  
a n d  4 %  ( w / w )  a c e t i c  a c i d .  
T h e  b r o t h  i s  c e n t r i f u g e d  t o  r e m o v e  t h e  c e l l s ,  w h i c h  a r e  d r i e d  a n d  p a c k a g e d ,  
a n d  t h e  c e n t r i f u g e d  l i q u o r  i s  p u m p e d  t o  a  d i s t i l l a t i o n  c o l u m n  w h e r e  t h e  e t h a n o l  i s  
c o n c e n t r a t e d  t o  9 5 %  ( w / w ) .  
P R O C E S S  D I S C U S S I O N  
P r e t r e a t m e n t  o f  t h e  l i g n o c e l l u l o s i c  m a t e r i a l  i s  p r o b a b l y  t h e  m o s t  i m p o r t a n t  
s t a g e  i n  t h e  p r o c e s s  s i n c e  i t  h e l p s  t o  i n c r e a s e  t h e  v u l n e r a b i l i t y  o f  t h e  w h e a t  
s t r a w  t o  e n z y m e  h y d r o l y s i s .  R e c e n t  e x p e r i m e n t s  p e r f o r m e d  a t  t h e  C o l o r a d o  S t a t e  
U n i v e r s i t y  B i o c h e m i c a l  E n g i n e e r i n g  L a b o r a t o r y  h a v e  s h o w n  6 5 - 7 0 %  h y d r o l y s i s  o f  
t h e  c e l l u l o s e  u s i n g  a  s t e a m  p r e t r e a t m e s t  f o l l o w e d  9 Y  a  w a t e r  w a s h .  T h e  h y d r o l y -
s i s  w a s  c a r r i e d  o u t  f o r  1 2  h o u r s  a t  5 0  C  a n d  a n  e n z y m e  l o a d  o f  8 . 7  I U / g r a m  o f  
d r y  s o l i d .  
T h e  l e n g t h  o f  t i m e  t h e  s t r a w  i s  p r e t r e a t e d  w a s  f o u n d  t o  b e  a n  i m p o r t a n t  
p a r a m e t e r .  E x p e r i m e n t s  s h o w  t h a t  2 0  t o  4 0  m i n u t e s  i s  t h e  o p t i m u m  t i m e  f o r  s t e a m  
t r e a t m e n t .  I f  t h e  s a m p l e  i s  t r e a t e d  l o n g e r  t h e  a m o u n t  o f  h y d r o l y z a b l e  c e l l u l o s e  
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decreases. Prolonged steam treatment seems to promote recrystallization of the 
cellulose and repolymerization of the lignin, thus leading to decreased enzyme 
hydrolysis. 
During the course of the pretreatment the hemicellulose is released into 
solution. Hemicellulose is comprised of arabinose, xylose, mannose, galactose 
and a trace of glucose (1). Experiments have shown that nearly all of the 
pentoses are washed into the solution. 
Two other pretreatments were considered besides steaming: a sodium hydroxide 
(NaOH) and an acid treatment. The alkaline treatment was carried out for 1 hour 
at 100°C with a 1% (w/w) solution of NaOH in water and a 20 to 1 liquid to solid 
ratio (5). This pretreatment removed all of the hemicellulose and allowed for 
80% hydrolysis of the available cellulose. An analysis was also performed for a 
system which reused the NaOH solution until a 10% (w/w) solution of hemicellulose 
sugars was achieved. 
The other pretreatment considered used hydrochloric acid at a 32% (w/w) con-
centration at 20°C and a 10 to 1 liquid to solid ratio (6). 
An economic analysis was performed on a 1 lb straw basis for each method and 
is shown in Table 1. Each analysis took into account chemical costs, heat 
requirements and heat losses. The cost per pound of sugar was based on the 
assumption that 80% hydrolysis was achieved. The values found in Table 1 do not 
reflect the costs that may be obtained on a large scale. It can be seen that 
steam treatment is the best choice relative to the other options. 
Enzyme hydrolysis is proposed for this bioconversion process. The enzyme 
complex used is composed of three separate enzymes, endo-S-1-4 glucanase (Endo E ) 
which breaks the cellulose into polysaccharides, cellobiosylhydrolase (Exo Ex) x 
which breaks the polysaccharides into cellobiose and cellobiase which breaks the 
cellobiose into glucose (7). After hydrolysis the solution is filtered to remove 
the unhydrolyzed solids. Calculations show that this material constitutes 36% 
of the original wheat straw. 
The next step is the enzyme recovery. This process utilizes the pretreated 
wheat straw to adsorb the enzyme and was tested by C.R. Wilke and associates (2). 
Their data shows that 58% recovery can be achieved using corn stover with an 
optimum contact time of 30 minutes. The same results were assumed for this design 
under the basis that the wheat straw and corn stover are similar in structure. 
After this contact the solution is filtered and pumped to the evaporator. 
The yeast propagation is carried out for 12 hours. The diammonium phosphate 
concentration is based upon the nitrogen content of the expected cell mass while 
the sugar and corn steep liquor concentrations were based on literature data (3,3). 
Following propagation the yeast cells are fed to the production fermentor for 
ethanol manufacture. Upon fermentation the liquid is separated from the spent 
cells by centrifugation and is pumped into the distillation column. In a first 
approximation the MaCabe-Thiele method (9) was used to determine the number of 
trays needed to reach a 95% (w/w) et.hanol concentration. Calculations show that 
a feed entering at 28°C will· need 28 theoretical trays to separate the ethanol/ 
water mixture. The column contains 22 trays to enrich the ethanol and 6 to strip 
the solution with the feed entering in tray 7. Assuming an overall tray efficiency 
of 80%, 35 real trays result for the final design. 
4 8  
T h e  t e c h n o l o g y  f o r  t h e  h e m i c e l l u l o s e  f e r m e n t a t i o n  p r o c e s s  i s  n o t  a s  
d e v e l o p e d  a s  t h e  g l u c o s e  f e r m e n t a t i o n  s o  a  n u m b e r  o f  a s s u m p t i o n s  w e r e  m a d e  
f o r  t h i s  p a r t  o f  t h e  d e s i g n .  F i r s t ,  a l l  t h e  s u g a r s  f r o m  t h e  p r e t r e a t m e n t  s t a g e  
w e r e  a s s u m e d  t o  b e  i n  t h e i r  r e s p e c t i v e  m o n o m e r i c  s t a t e  a n d  a l l  t h e  h e m i c e l l u l o s e  
w a s  a s s u m e d  t o  b e  r e l e a s e d  a n d  a v a i l a b l e  f o r  f e r m e n t a t i o n .  
Ba~~ mahQ~an6 u s e s  t h e  h e x o s e  m o n o p h o s p h a t e  p a t h w a y  ( H M P )  f o r  p e n t o s e  
a s s i m i l i a t i o n  w i t h  1  m o l e  o f  e t h a n o l ,  c a r b o n  d i o x i d e  a n d  a c e t a t e  b e i n g  p r o d u c e d  
p e r  m o l e  o f  x y l o s e  m e t a b o l i z e d .  T h i s  p r o d u c t  d i s t r i b u t i o n  w a s  a s s u m e d  t o  h o l d  
t r u e  f o r  t h e  h e m i c e l l u l o s e  h y d r o l y z a t e .  
T h e  p r o p a g a t i o n  o f  t h e  o r g a n i s m  w a s  a s s u m e d  s i m i l a r  t o  t h e  y e a s t  c a s e ,  w i t h  
t h e  d i f f e r e n c e  o f  t h e  t e m p e r a t u r e  b e i n g  n o w  k e p t  a t  3 7  C  .  
T h e  l a s t  a s s u m p t i o n  m a d e  w a s  t h a t  t h e  t e r n a r y  s y s t e m  e t h a n o l - a c e t i c  a c i d -
w a t e r  w i l l  e a s i l y  d e g e n e r a t e  t o  a  b i n a r y  s y s t e m  w i t h  t h e  a c e t i c  a c i d  l e a v i n g  t h e  
d i s t i l l a t i o n  c o l u m n  a s  a  b o t t o m  s t r e a m .  
W i t h  t h i s  a d d e d  p r o c e s s  t h e  c a p a c i t y  o f  t h e  p l a n t  w a s  i n c r e a s e d  u p  t o  
9 . 0  x  1 0 6  g a l / y r .  
P R O C E S S  E C O N O M I C S  
A  p r e l i m i n a r y  e c o n o m i c  a n a l y s i s  ( +  2 5 % )  w a s  p e r f o r m e d  f o r  b o t h  t h e  5  a n d  6  
c a r b o n  f e r m e n t a t i o n  f a c i l i t i e s .  A f t e r  o b t a i n i n g  a  m a t e r i a l  b a l a n c e  f o r  t h e  p l a n t  
a n d  t h e  e q u i p m e n t  s i z e s ,  t h e  c o s t  o f  e a c h  p i e c e  o f  e q u i p m e n t  ( a l l  m a d e  o f  s t a i n -
l e s s  s t e e l ,  e x c e p t  f o r  t h e  e v a p o r a t o r  a n d  t h e  d i s t i l l a t i o n  c o l u m n )  w a s  o b t a i n e d  
a n d  c a n  b e  f o u n d  i n  T a b l e s  2  a n d  3  r e s p e c t i v e l y .  O t h e r  i t e m s  s u c h  a s  p u m p s ,  
a g i t a t o r s  a n d  f i l t e r s  w e r e  a l s o  i n c l u d e d .  T h e  c o s t s  w e r e  d e t e r m i n e d  b y  u s i n g  
c l a s s i c a l  c h e m i c a l  e n g i n e e r i n g  c o s t  e s t i m a t i o n  t e c h n i q u e s  ( 1 0 , 1 1 ) .  E a c h  c o s t  
w a s  u p d a t e d  t o  1 9 8 0  p r i c e s  b y  u s i n g  t h e  M a r s h a l l  a n d  S t e v e n s  i n d e x  ( 1 2 ) .  A f t e r  
o b t a i n i n g  t h e  p u r c h a s e d  e q u i p m e n t  c o s t ,  t h e  t o t a l  d i r e c t  a n d  i n d i r e c t  c o s t s  w e r e  
t h e n  c a l c u l a t e d  a s  w e l l  a s  t h e  f i x e d  c a p i t a l  a n d  t h e  t o t a l  c a p i t a l  i n v e s t m e n t s .  
T a b l e s  4  a n d  5  s h o w  t h e  r e s u l t s  o b t a i n e d .  T h e  a n n u a l  m a n u f a c t u r i n g  c o s t s  w e r e  
e s t i m a t e d  n e x t  a n d ·  a r e  s h o w n  i n  T a b l e s  6  a n d  7 .  R a w  m a t e r i a l s  c o s t s  w e r e  b a s e d  
o n  t h e  p r i c e  o f  w h e a t  s t r a w ,  C S L ,  ( N H a )
2
H P 0
4  
a n d  t h e  e n z y m e .  T h e  c o s t  o f  t h e  
e t h a n o l  p e r  g a l l o n  c a n  b e  d e t e r m i n e d  o y  d i v 1 d i n g  t h e  t o t a l  p r o d u c t i o n  c o s t s  b y  
t h e  y e a r l y  e t h a n o l  p r o d u c t i o n  c a p a c i t y .  
T h e  e s t i m a t i o n  t e c h n i q u e s  u s e d  t o  p r e d i c t  t h e  e t h a n o l  p r o d u c t i o n  c o s t s  
d e p e n d  s t r o n g l y  o n  t h e  c o s t  o f  t h e  r a w  m a t e r i a l s  a n d  t h e  e n z y m e  l o a d .  T h e  p r i c e  
o f  b o t h  t h e  C S L  a n d  ( N H
4
)
2
H P 0
4  
a r e  s t a b l e - c o m m o d i t i e s ,  b u t  w h e a t  s t r a w  a n d  e n z y m e  
c o s t s  s h o w  a  w i d e  r a n g e  o f  p r i c e s .  W h e a t  s t r a w  p r i c e s  v a r y  f r o m  $ 1 5 - 2 0 / t o n  ( 1 3 )  
a n d  u p  t o  $ 3 0 / t o n  ( 2 )  w h i l e  t h e  c o s t  o f  t h e  e n z y m e  c a n  s t a r t  a t  . 4 ¢ / 1 0 0 0  I U  ( 1 4 )  
a n d  g o  a s  h i g h  a s  l . l ¢ / 1 0 0 0  I U  ( 1 5 ) .  I t  w a s  t h e n  d e c i d e d  t o  c a l c u l a t e  t h e  
e t h a n o l  p r i c e  a s  a  f u n c t i o n  o f  t h e  c o s t  o f  t h e  e n z y m e  a n d  s t r a w  ( F i g u r e  3 ) .  
T h e s e  c o s t s  a r e  b a s e d  o n  5 8 %  r e c o v e r y  a n d  a n  e n z y m e  l o a d  o f  2 . 3  I U / g .  A s  s e e n  
i n  F i g u r e  3  t h e  p r i c e  p e r  g a l l o n  c a n  v a r y  f r o m  $ 1 . 2 7  t o  $ 2 . 4 6 .  
N e x t  t h e  e f f e c t  o f  t h e  e n z y m e  l o a d  w a s  s t u d i e d  f o r  t h e  r a n g e  o f  2 . 3 - 2 0  I U / g .  
r i g u r e  4  s h o w s  t h e  r e s u l t s  o b t a i n e d  f o r  a n  e n z y m e  c o s t  o f  . 4 $ / 1 0 0 0  I U  a n d  5 8 %  
e n z y m e  r e c o v e r y .  I n  t h i s  c a s e  t h e  p r i c e  v a r i e s  f r o m  $ 1 . 2 7  t o  $ 3 . 1 3  p e r  g a l l o n .  
-----~---
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The last parameter to be considered was the enzyme recovery system. Figure 
5 shows the predicted ethanol production cost at an enzyme load of 2.3 IU/g when 
the enzyme recovery is between 0 and 97%*. 
By-products credit was studied next. The CO cost was based on 5 cents/lb, 
protein was based on $200/ton with the cells bein~ 45% protein and the lignin 
credit was based on the amount of steam, at 500 psig and a value of $2.00/1000 lll, 
that can be generated through burning (Table 9). If these items were marketable 
at these prices the cost per gallon could be lowered to $.69/gal based on an 
initial price of $1.27/gallon. 
Finally, the inclusion of the 5-carbon fermentation resulted in a production 
cost for ethanol $.20/gal lower than the base cost of $1.27/gal (Table 10). 
CONCLUSIONS 
The fluctuating cost of raw materials along with the lack of a well-established 
technology made the cost estimation for this project very difficult. It was found 
that the ethanol cost can start at a $1.27/gal and go as high as $3.13/gal. The 
most realistic cost is felt to be $1.85/gal, based on a straw cost of $20/ton, 
enzyme cost of .4/1000 IU, 58% recovery and an enzyme load of 9.5 IU/g. This price, 
which does not include any rate of return on the initial investment, is already 
higher than the current selling price of ethanol of $1.71/gal (17). 
The additional income that can be generated from the by-products credit can 
greatly enhance the feasibility of producing ethanol from cellulosic waste as long 
as a market is established for such products. The revenue that can be generated 
by the 5-carbon fermentation would help to lower the cost by about $0.20/gal. 
Without such credits the production of ethanol from wheat straw is not an economically 
attractive endeavor at the present time. 
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Table 1. Pretreatment Costs* 
Type of 
Treatment 
NaOH 1 Run 
NaOH 7 Runs 
HCL 32% 
Cents/l b Straw 
6.24 
3.48~ 
37.6 
Cents/lb Glucose 
13.35 
10.54 
113.9 
Steam and Wash .48 1.54 
* 80% of the cellulose was assumed to be hydrolyzed 
Table 2. Break down of purchased equipment cost for 6.5 million 
gal/yr ethanol fermentation facility 
Item Cost($) % Tota 1 Cost 
Crusher 84,875 2.5 
Pretreatment Tank 160,000 4.7 
Enzym,e Hydrolysis & 1,010,370 30.1 
Recovery Tank 
Storage Tanks 810,994 24.1 
Evaporator 290,625 8.6 
Yeast Propagation Plant 87,877 2.6 
Fermentor 252,085 7.5 
Distillation Column 510,346 15. 1 
Pumps & Fi 1 ters 87,377 2.6 
Centrifuge 75,000 2.2 
Total 3,369,549. 100% 
. 5 2  
T a b l e  3 .  
E q u i p m e n t  c o s t  f o r  5 - c a r b o n  f a c i l i t y  
I t e m  
C o s t  ( $ )  %  T o t a l  C o s t  
E v a p o r a t o r  
2 3 1 , 9 2 5  
2 2 . 3  
H o l d i n g  T a n k  
2 2 9 , 6 2 9  
2 2 . 0  
P r o p a g a t i o n  P l a n t  
8 3 , 3 7 5  
8 . 0  
F e r m e n t o r  2 0 8 , 7 0 3  
2 0 . 1  
C e n t r i f u g e  7 5 , 0 0 0  
7 . 2  
D i s t i l l a t i o n  C o l u m n  2 1 1  , 8 6 0  
2 0 . 4  
T o t a l  
· 1 , 0 4 0 , 4 9 2  
1 0 0 %  
T a b l e  4 .  S u m m a r y  o f  c a p i t a l  i n v e s t m e n t  f o r  a . 6 . 5  m i l l i o n  g a l / y r  
e t h a n o l  f e r m e n t a t i o n  f a c i l i t y  
I .  D i r e c t  C o s t  
P u r c h a s e d  E q u i p m e n t  
I n s t a  1 1  a t i  o n  
I n s t r u m e n t a t i o n  &  C o n t r o l s  
P i p i n g  
E l e c t r i c a l  
B u i l d i n g s  
S e r v i c e  F a c i l i t i e s  
L a n d  
I I .  I n d i r e c t  C o s t  
A )  E n g i n e e r i n g  a n d  S u p e r v i s i o n  
B )  C o n s t r u c t i o n  
C )  C o n t i n g e n c y  
I I I .  F i x e d  C a p i t a l  I n v e s t m e n t  ( I +  I I )  
I V .  W o r k i n g  C a p i t a l  
V .  T o t a l  C a p i t a l  I n v e s t m e n t  
( C o s t  $ )  
3 , 3 6 9 , 5 4 9  
1 , 3 4 7 , 8 1 9  
5 0 5 , 4 3 2  
1  , 6 8 4 , 7 7 4  
3 3 6 , 9 5 4  
6 7 3 , 9 0 9  
2 , 0 2 1 , 7 2 9  
1 6 8 , 4 7 7  
1 0 , 1 0 8 , 6 4 3  
1 , 0 1 0 , 8 6 4  
1  , 0 1 0 , 8 6 4  
1 , 0 1 0 , 8 6 4  
3 , 0 3 2 , 5 9 2  
1 3 , 1 4 1  , 2 3 5  
1  , 4 6 0  ' 1 3 7  
1 4 , 6 0 1 , 3 7 2  
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Table 5. Summary of capital investment for fermentation of pentose 
sugars 
Direct Cost 
Indirect Cost 
Fixed Capital Investment 
Working Capital 
Total Capital Investment 
Cost ($) 
3,121,475 
936,441 
4,057,916 
450,879 
4,508,795 
Table 6. Break down of total production cost for a 6.5 million gal/yr 
ethanol fermentation facility 
Item Cost ($) %TPC 
Wheat Straw @ $15/ton 1,931,249 23.3 
Enzyme @ .4 Cents/1000 IU 315,920 3.8 
Other Raw Materials 833,534 10. 1 
Labor 513,449 6.2 
Utilities 1,283,626 15.5 
Maintenance 342,300 4.1 
Supplies 34,230 .4 
Depreciation 1,314,123 16.0 
Plant Overhead 427,875 5.2 
General Expenses 1,009,520 12.2 
Taxes 262,824 3.2 
Total 8,268,650 100% 
5 4  
T a b l e  7 .  S u m m a r y  o f  e t h a n o l  p r o d u c t i o n  c o s t s  f o r  p e n t o s e  s u g a r  
f e r m e n t a t i o n  
I t e m  
R a w  M a t e r i a l s  *  
L a b o r  
U t i l i t i e s  
r~a i  n t e n a n c e  
S u p p l i e s  
D e p r e c i a t i o n  
P l a n t  O v e r h e a d  
G e n e r a l  E x p e n s e s  
T a x e s  
T o t a l  
C o s t  ( $ )  
6 8 2 , 1 5 8  
1 1 3 , 6 9 3  
2 8 4 , 2 8 2  
7 5 , 7 9 5  
7 , 5 7 9  
4 5 0 , 8 7 9  
9 4 , 7 4 4  
6 1 , 3 3 9  
9 0 , 1 7 5  
1 , 8 6 0 , 6 9 4  
% T P C  
3 6 . 7  
6 . 1  
1 5 . 3  
4 .  l  
. 4  
2 4 . 2  
5 . 1  
3 . 3  
4 . 8  
1 0 0 %  
* R q w  m a t e r i a l s  i n c l u a e  c o r n  s t e e p  l i q u o r  a n d  ( N H
4
) 2 H P 0
4  
T a b l e  8 .  
B y - P r o d u c t  C r e d i t *  
c - r e d i t  
C r e d i t  
E t h a n o l  C o s t * *  
B y - P r o d u c t  
( $ / y e a r )  ( $ / g a l )  ( $ / g a l  9 5 % )  
C 0
2  
2 , 0 7 0 , 9 3 7  . 3 5  
. 9 2  
P r o t e i n  
3 1 3 , 1 7 0  . 0 5  1 . 2 2  
L i g n o c e l l u l o s i c  
1  ' 1 7 7  , 2 5 2  
.  1 8  
1 . 0 9  
R e s i d u e  
T o t a l  3 , 5 6 1 , 3 5 9  . 5 8  . 6 9  
*  C o s t  e s t i m a t e d  f o r  w h e a t  s t r a w  @  $ 1 5 / t o n ,  5 8 %  r e c o v e r y ,  a n d - - - : 4  
c e n t s / 1 0 0 0  I U  e n z y m e  c o s t .  
* * B a s e  e t h a n o l  c o s t  $1.27~gal 
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Table 9. Ethanol Production Cost* 
Process $/Gallon 
c6 Fermentation 
C5+c6 Fermentation 
1.27 
1.07 
* Cost estimated for wheat straw@ $15/ton, 
58% enzyme recovery, and .4 cents/1000 IU 
enzyme cost. 
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Figure 1. Ethanol Plant Flow Sheet 
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Figure 4. Effect of Enzyme Load on 
EtOH Cost 
3.00 
2.80 
2.60 
2.40 
2.20 
$/GALLON 
2.0 
1. 80 
1.60 
1.40 
1. 2tl 
CENTS/1000 I u• 
• UNLESS INDICATED WHEAT STRAW COST IS $15/TON 
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Effects of Salt, Heat, and Physical Form 
on the 
Fermentation of Bananas 
Carl Drewel 
Department of Chemical Engineering 
University of Missouri 
Columbia, Missouri 65211 
Last year over 5 million tons of culled bananas were wasted 
in Central America, India, and Africa. The enormous waste is due 
in large part to the high degree of perishability of banana pulp. 
This paper reports on an inexpensive method of preservation of the 
banana by anaerobic, lactic acid fermentation coupled with salt and/ 
or heat treatment. 
The high nutritional content of the banana justifies preser-
vation of fruit which might otherwise be wasted. A ripe Gros Michel 
banana, the type used in this experiment, contains about 75% mois-
ture, 10% reducing sugars, 6% nonreducing sugars, and 3% starch. 
For any substance to be safely preserved, no conditions con-
ducive to the growth of yeast, fungi, or pathogenic bacteria in 
that substance may be allowed. In this experiment, a protective 
atmosphere of co2 was maintained over the fermentations to in-
hibit aerobic growth. In addition, during the life expectancy of 
a fermented jar of food in the home, a co2 atmosphere is, for 
practical purposes, not feasibly kept. The "key" to long term, 
safe preservation of food, according to Dr. Palnitkar of Vlasic 
Pickles, is to have negligible (less than .2%) residual sugars 
6 0  
a t  t h e  e n d  o f  f e r m e n t a t i o n  a n d  t o  h a v e  a  l o w  p H ,  l e s s  t h a n  4 , 0 ,  
A c c o r d i n g  t o  Q u a l i t y  C o n t r o l  o f  D e l m o n t e .  c o m m e r c i a l  p i c k l e s  h a v e  
. 5  t o  1 . 0 %  l a c t i c  a c i d  w i t h  . 8 %  b e i n g  a v e r a g e .  
T h e  p u r p o s e  o f  t h i s  e x p e r i m e n t  w a s  t o  d e t e r m i n e  i f  b a n a n a s  c o u l d  
s a f e l y  b e  p r e s e r v e d  b y  a n a e r o b i c ,  l a c t i c  a c i d  f e r m e n t a t i o n .  
E x p e r i m e n t · o e s i g n · a n d · P ' r o c e d u r e  
M a s o n  j a r s ,  b e c a u s e  o f  t h e i r  s i m p l e  d e s i g n  a n d  a v a i l a b i l i t y  w e r e  
u s e d  a s  f e r m e n t a t i o n  v e s s e l s .  H o l e s  w e r e  p u n c h e d  i n  t h e i r  l i d s  a n d  a  
r u b b e r  s t o p p e r  i n s e r t e d .  A  g l a s s  c a p i l l a r y  t u b e  w i t h  a  r u b b e r ,  g a s -
r e l e a s e  t i p  o n  i t s  e n d  w a s  i n s e r t e d  i n  t h e  s t o p p e r  t o  a l l o w  t h e  e -
v o l v e d  c o
2  
t o  b e  r e l e a s e d  f r o m  t h e  j a r  w i t h o u t  c o n t a m i n a t i n g  t h e  f e r -
m e n t a t i o n .  C a r b o n  d i o x i d e  w a s  u s e d  f o r  p u r g i n g  t h e  j a r s  w h e n e v e r  t h e y  
w e r e  o p e n e d .  
J a r  p r e p a r a t i o n :  A l l  o f  t h e  w a s h e d  j a r s  a n d  l i d s  w e r e  s t e r i l i z e d  a t  
1 0 0 °  C  f o r  1 5  m i n u t e s .  T h e  r i p e  b a n a n a s  w e r e  s o a k e d  i n  1 0 %  c l o r o x  
s o l u t i o n  f o r  1 0  m i n u t e s  t o  c l e a n s e  t h e  p e e l s .  N e x t  t h e  b a n a n a s  w e r e  
c a r e f u l l y  p e e l e d  a n d  m e a s u r e d  i n t o  a  c l e a n  b l e n d e r  j a r .  I n  t h e  b l e n d -
e r  t h e  w a t e r ,  b a c t e r i a ,  a n d  s a l t  i f  a n y ,  w e r e  a d d e d .  T h i s  p r e p a r a t i o n  
c r e a t e d  a  w e l l - m i x e d  p u r e e .  C h u n k s  w e r e  m a d e  b y  s l i c i n g  1  b a n a n a  i n t o  
f o u r  o r  f i v e  2 - i n c h  l o n g  c h u n k s  b e t w e e n  t h e  l i p  o f  t h e  j a r  a n d  i t s  l i d .  
H e a t  t r e a t m e n t :  A n  a u t o c l a v e  w a s  u s e d  t o  h e a t  t r e a t  t h e  c h u n k s  a n d  
p u r e e s  t h a t  w e r e  t o  b e  h e a t e d .  T h e  a u t o c l a v e  w a s  s e t  f o r  1 0 .  2 0 ,  a n d  
3 0  m i n u t e s  a t  1 0 0 °  C .  T h e  l i d s  w e r e  r e m o v e d  f r o m  t h e  h a l f - f i l l e d  j a r s  
a n d  p l a c e d  a l o n g  s i d e  d u r i n g  h e a t  t r e a t m e n t s  i n  t h e  a u t o c l a v e .  H e a t e d  
p u r e e s  w e r e  n o t  i n o c u l a t e d  u n t i l  t h e y  h a d  c o o l e d .  
S a l t  t r e a t m e n t :  T h e  s a l t  u s e d  w a s  r e g u l a r ,  u n i o d i z e d  s a l t  c o n t a i n i n g  
s o d i u m  s i l i c o a l u m i n a t e .  T h e  s a l t  s o l u t i o n s  w e r e  m a d e  i n  m a s s  q u a n i t i e s  
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and were used within an hour of prep~ration~ Two-hundred-fifty ml of 
solution was used per j~r, The salt concentrations picked were 0° 
( 0-salometer), 20°, and 60°. These values correspond to 0%, 5.3%, and 
15% salt by weight. 
Data collection: The pH was taken of a 9 gram sample of puree with 
18 grams of water added. This mixture was prescribed on page 242 of 
the methods of Analysis, A.O.A.C. to acheive a uniform method of de-
scribing the % lactic acid present in the sample. After the pH was 
taken, the mixture, being mechanically stirred on a magnetic hot plate, 
was titrated with .1 N NaOH to a common end point of 8.6. In the first 
part of the experiment manual titration was used. But for all data 
reflecting the effects of salt and physical form an automatic titration 
system was used. A radiometer pH meter 26, Titrator 11, 6 channel 
automatic switch model SAS 1, coupled with the solid state Cole-Palmer 
Master Flex controller and pump produced by the titration system used. 
Microorganisms: 
Four homofermentative bacteria: Lactobacillus bulgaricus, 
Lactobacillus acidophilus, Streptococcus thermophilus, and Strep-
tococcus faecalis; and two heterofermentative bacteria: Lacto-
bacillus fermenti and Leuconostoc mesenteroides were used as inocula. 
Results and Discussion 
Qecause of the mild, yogurt taste produced in the banana puree by 
fermentation with Lactobacillus plantarum and because of the low pH pro-
duced by fermentation caused by this organism, Lactobacillus plantarum 
was chosen for further testing to determine the effects of heat treat-
ment, salt treatment, and physical form on the fermentation process. 
6 2  
T a b l e  1  s h o w s  t h e  h e a t i n g  t i m e s  a n d  s a l t  l e v e l s  o f  i n o c u l a t e d  
a n d  u n i n o c u l a t e d  j a r s  i n  t h e  s e v e n  d a y ,  r o o m  t e m p e r a t u r e  f e r m e n t a t i o n .  
D a t a  o n  t h e  r e s u l t i n g  p H  v a l u e s  a n d  l a c t i c  a c i d  l e v e l s  o f  t h e  j a r s  
i s  s h o w n  i n  F i g u r e s  1 , 2 , 3 ,  a n d  4 .  F i g u r e s  1  a n d  2  a r e  f o r  b a n a n a  
c h u n k s ,  a n d  F i g u r e s  3  a n d  4  f o r  p u r e e d  f r u i t .  
H e a t  t r e a t m e n t  i n a c t i v a t e d  e n z y m e s  w h i c h  o x i d i z e d  e s t e r s  i n  t h e  
b a n a n a s  t o  k e t o n e s  a n d  a l d e h y d e s ;  m a k i n g  t h e  h e a t e d  s a m p l e s  t a s t e  
b e t t e r .  H e a t i n g  a l s o  a p p a r e n t l y  e f f e c t e d  s o m e  f e r m e n t a b l e  m a t e r i a l .  
T h e  f i n a l  p H  o f  t h e  h e a t e d  s a m p l e s  w a s  h i g h e r  a n d  t h e  a p p e a r a n c e  o f  
t h e  s a m p l e s  w a s  m u c h  m o r e  c l o u d y .  
S a l t  d e c r e a s e d  t h e  a c t i v i t y  o f  L a c t o b a c i l l u s  p l a n t a r u m .  H o w e v e r ,  
s a m p l e s  w i t h  5 . 3 %  s a l t  b y  w e - i g h t  w e r e  s t i l l  s a f e l y  p r e s e r v e d ,  w i t h  
p H s  a r o u n d  3 . 5 .  T h e  p H  v a l u e s  o f  s a m p l e s  w i t h  1 5 %  s a l t  w e r e  m u c h  
h i g h e r ;  a v e r a g i n g  5 . 2 .  
P h y s i c a l  f o r m  m a d e  n o  s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  p H  v a l u e s  
o b t a i n e d .  
T h e  l o n g  t e r m  r e s u l t s  o f  L a c t o b a c i l l u s  p l a n t a r u m  f e r m e n t a t i o n  
a s  s h o w n  i n  T a b l e  2  a r e  p r o m i s i n g .  T h e  p H s  i n  a l l  b u t  o n e  c a s e ,  j a r  
2 2 ,  s h o w e d  s i g n i f i c a n t  d e c r e a s e s .  T h e  p e r c e n t  l a c t i c  a c i d  p r e s e n t  
i s  n o t  a s  e a s i l y  d e s c r i b e d .  I n  o n l y  o n e  c a s e ,  j a r  1 2 ,  d i d  t h e  n e t  
p e r  p e r c e n t  l a c t i c  a c i d  p r e s e n t  d e c r e a s e .  E v e n  t h o u g h  t h e  n e t  a -
m o u n t  o f  l a c t i c  a c i d  p r e s e n t  i n c r e a s e d ,  j a r s  2 , 8 , 1 0 , 1 6 b , 1 8 , 2 0 , 2 2 ,  
a n d  2 4  s h o w e d  a  d e c r e a s e  i n  l a c t i c  a c i d  p r e s e n t  b e t w e e n  t h e  1 8 t h  
a n d  3 1 s t  d a y s .  T h e r e  w a s  n o  n e t  c h a n g e  i n  j a r  1 6 a .  
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Table 1: 
Jar Identification 
Jar Heating Salometer 
No. time reading Inoculated? 
CHUNKS 1 0 min. 00 no 
2 0 00 yes 
3 0 20° no 
4a 0 20° yes 
4b 0 20° yes 
5 0 60° no 
6a 0 60° yes 
6b 0 60° yes 
7 10 00 no 
8 10 00 yes 
9 10 20° no 
10 10 20° yes 
11 10 60° no 
12 10 60° yes 
------·---------------------------------------------------------------
PUREE 13 0 min. 00 no 
14 0 oo yes 
15 0 20° no 
16a 0 20° yes 
16b 0 20° yes 
17 0 60° no 
18 0 60° yes 
19 10 oO no 
20 10 oo yes 
21 10 20° no 
22 10 20° yes 
23 10 60° no 
24 10 60° yes 
6 4  
T a b l e  2 :  
L o n g  T e r m  p H  a n d  L a c t i c  A c i d  C o n c e n t r a t i o n  
J a r  
. e l i  
%  L a c t i c  A c i d  
7 t h  
1 8 t h  
3 1 s t  
7 t h  
1 8 t h  
3 1 s t  
D a J : :  
D a J : :  
D a : t  
D a y  
D a J : :  
D a J : :  
2  
3 . 6  
3 . 3 5  
3 . 2  
1 . 1 4 %  
2 . 0 6 %  
1 .  7 5 %  
4 a  
3 . 6  
3 . 5 5  
3 . 4  
. 8 1  
. 9 8  
1 .  5 8  
4 b  
3 . 5 5  
3 . 6  
3 . 4 5  
. 7 8  
. 9 4  
1 . 4 7  
6 a  
5 . 3  
4 . 1 5  
4 . 0  
. 1 4  
. 4 5  
. 6 8  
6 b  
5 . 2  
4 . 3 5  
3 . 8  
. 1 9  
. 3 7  
. 6 8  
8  
3 . 5  
3 . 4 5  
3 . 3  
1 . 1 0  
1 . 8 5  
1 .  5 8  
1 0  
3 . 5  
3 . 5  
3 . 4 5  
. 6 7  
. 8 4  
. 7 6  
1 2  
4 . 5  
4 . 2  
4 . 1  
. 2 9  
. 2 8  
. 2 5  
1 4  
3 . 4 5  
3 . 4  
3 . 0  
1 . 1 1  
1 .  7 3  
1 .  7 9  
1 6 a  
3 . 4 5  
3 . 4 5  
3 . 4  
•  9 5  
1 . 0 2  
. 9 5  
1 6 b  
3 . 5  
3 . 4 5  
3 . 3  
. 8 7  
1 . 3 0  
1 . 0 6  
1 8  
4 . 3  
4 . 0  
3 . 8  
. 3 4  
. 5 6  
. 4 4  
2 0  
3 . 6  
3 . 5  
3 . 3  
1 . 1 0  
1 . 6 8  
1 . 5 2  
2 2  
3 . 5 5  
3 . 4 5  
3 . 6  
. 7 6  
. 9 5  
. 8 0  
2 4  
4 . 9  
4 . 1  
3 . 8  
. 2 3  
. 5 2  
. 4 6  
:c 
0.. 
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Figure 1. pH as a function of fermentation time for selected jars of 
banana chunks with different salt and heat treatments. 
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F i g u r e  2 .  L a c t i c  a c i d  l e v e l  a s  a  f u n c t i o n  o f  f e r m e n t a t i o n  t i m e  f o r  
s e l e c t e d  j a r s  o f  b a n a n a  c h u n k s  w i t h  d i f f e r e n t  s a l t  a n d  h e a t  t r e a t m e n t s .  
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Figure 3. pH as a function of fermentation time for selected jars of 
banana puree with different salt and heat treatments. 
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F E R M E N T A T I O N  T I M E  ( d a y s )  
F i g u r e  4 .  L a c t i c  a c i d  l e v e l  a s  a  f u n c t i o n  o f  f e r m e n t a t i o n  t i m e  f o r  
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GAS HOLDUP IN DOWNFLOW SECTION OF A 
SPLIT-CYLINDER AIRLIFT COLUMN 
Vasanti Deshpande 
Department of Chemical Engineering 
Kansas State University 
Manhattan, Kansas 6650~ 
Airlift columns have been the subject of several investigations in 
recent years, (Hatch, 1973; Ho, 1977; Orazem, 1979; Belfield, 1976) as 
an attractive alternative to mechanically agitated tanks due to their 
low power requirements and simplcici~y of design. They are also known 
to have an advantage over conventional bubble columns, as they provide 
better mixing, which is achieved by a recirculation of the liquid in 
the column. The column is divided into 2 regions by means of a baffle 
(Fig. 1) and air is sparged into the upflow section of the fermentor, 
thus, creating a density difference between the two regions. This gives 
rise to a liquid circulation loop as bubbles rise in the column. A 
fraction of the rising bubbles is carried into the downflow region, by 
the circulating liquid. The rate of circulation depends on the pressure 
differential, and therefore, on the gas holdups in the two regions. 
The mutual dependence of these two design variables complicates the 
design and modeling of an airlift column. 
In developing a model for an airlift fermentor, it is necessary 
to consider the bubble behavior. and the hydrodynamics of the two-phase 
mixture. Much information is available in ltterature (e.g., Buchholz, 
1978; Bhaga, 1971), on gas holdups in bubble columns, which resemble 
the upflow region, to a large extent. The downflow region is, however, 
less explored, although some models have been proposed (e.g., Ho, 1977; 
Merchuk, 1980). In order to improve upon the existing design proce-
dure, it is important to establish a better understanding of flow 
behavior and holdups in the downflow. 
The factors which are known to affect the holdups and liquid 
circulation rates significantly, are the superficial gas velocity and 
liquid properties such as v.iscosity, surface tension, ionic strength 
and the presence of surfactants in the fermentation broth, as they 
influence the coalescence rates and consequently the bubble size and 
interfacial area in the fermentor. It is the purpose of this work to 
investigate the effect of electroytes, liquid volume, and the axial 
position, on gas holdup in the downflow section. 
7 0  
E X P E R I M E N T A L  
T h e  a p p a r a t u s  c o n s i s t s  o f  a  n u m b e r  o f  p r e s s u r e  t a p s ,  l o c a t e d  a l o n g  
t h e  l e n g t h  o f  t h e  f e r m e n t o r  ( F i g .  1 ) ,  w h i c h  a r e  t h e n  c o n n e c t e d  t o  s i n g l e  
t u b e  m a n o m e t e r s .  T h e  g a s  h o l d u p  b e t w e e n  t w o  p o i n t s  c a n  b e  d e t e r m i n e d  
f r o m  t h e  p r e s s u r e  d i f f e r e n c e  i n d i c a t e d  b y  t h e  m a n o m e t e r  r e a d i n g s ,  u s i n g  
t h e  f o l l o w i n g  e q u a t i o n  
c p  
H i  - H i  +  1  
L ' I L  
~ i s  t h e  g a s  h o l d u p  b e t w e e n  p o i n t s  i  a n d  i  +  1 ,  w h e r e ,  L ' I L  i s  t h e  
d i s t a n c e  b e t w e e n  t h e  t w o  p r e s s u r e  t a p s ,  a n d  H .  a n d  H i + l  a r e  t h e  c o r r e -
s p o n d i n g  m a n o m e t e r  r e a d i n g s .  E x p e r i m e n t s  wer~ r u n  w i t h  d i s t i l l e d  w a t e r ,  
t a p  w a t e r ,  a n d  s o d i u m  c h l o r i d e  s o l u t i o n  o f  v a t i o u s  c o n c e n t r a t i o n s ,  t o  
i n v e s t i g a t e  t h e  e f f e c t  o f  e l e c t r o l y t e s  o n  g a s  h o l d u p .  T h e  e f f e c t  o f  
l i q u i d  v o l u m e  w a s  e x a m i n e d  b y  v a r y i n g  t h e  l i q u i d  h e i g h t  a b o v e  b a f f l e ,  
a s  t h e  l a t t e r  m a y  i n f l u e n c e  t h e  f r a c t i o n  o f  b u b b l e s  e n t r a i n e d  i n  t h e  
d o w n f l o w  r e g i o n .  T h e  v a r i a t i o n  o f  g a s  h o l d u p  a l o n g  t h e  l e n g t h  o f  t h e  
f e r m e n t o r  w a s  d e t e r m i n e d  u s i n g  v a r i o u s  p a i r s  o f  m a n o m e t e r  r e a d i n g s .  
T h e  r e s u l t s  o f  t h e s e  f i n d i n g s  a r e  d e p i c t e d  i n  F i g u r e s  2  t h r u  6 .  
R E S U L T S  A N D  D I S C U S S I O N  
T h e  e f f e c t  o f  l i q u i d  h e i g h t  { h e )  o n  t o t a l  g a s  h o l d u p  i n  d o w n f l o w  
a p p e a r s  t o  b e  n e g l i g i b l e ,  a s  t h e  g r a p h  ( F i g .  2 )  s h o w s  a l m o s t  a  horiz~ntal 
s t r a i g h t  l i n e ,  f o r  b o t h  d i s t i l l e d  w a t e r  a n d  a  N a C £  s o l u t i o n  w h e n  ~ w a s  
v a r i e d  f r o m  - 5  e m  t o  2 5  e m .  A t  l o w e r  h e i g h t s  ( - 1 0  e m ) ,  h o w e v e r ,  t n e r e  i s  
i n s u f f i c i e n t  l i q u i d  c i r c u l a t i o n  t o  c a r r y  t h e  b u b b l e s  p a s t  t h e  b a f f l e ,  
a n d  t h e  a c c u m u l a t i o n  o f  b u b b l e s  a t  t h e  t o p  o f  t h e  b a f f l e  a p p e a r s  t o  l e a d  
t o  a  h i g h  v a l u e  o f  h o l d u p .  
T h e  v a r i a t i o n  o f  h o l d u p  f r o m  t o p  t o  b o t t o m  o f  t h e  f e r m e n t o r  i s  d i s -
p l a y e d  i n  F i g .  3  a n d  4 ,  f o r  d i s t i l l e d  w a t e r  a n d  0 . 6  M  N a C £  s o l u t i o n .  T h e  
g r a p h s  i n d i c a t e  m a x i m a  i n  h o l d u p s  f o r  h i g h  l i q u i d  h e i g h t s  ( 1 7  e m  a n d  2 5  
e m ) ,  a n d  a  g r a d u a l  d e c r e a s e  i n  h o l d u p s  w h e n  t h e  h e i g h t  w a s  b e t w e e n  1 1  a n d  
- 5  e m .  A t  v e r y  l o w  h L  v a l u e s ,  t h e r e  i s  a n  a c c u m u l a t i o n  o f  b u b b l e s  a t  t h e  
t o p  o f  t h e  b a f f l e ,  a n d  a  s u d d e n  d r o p  l a t e r .  A s  a  l a r g e r  f r a c t i o n  o f  
b u b b l e s  i s  c a r r i e d  d o w n w a r d ,  t h e  a v e r a g e  h o l d u p  i n  t h e  t o p  s e c t i o n  d e - ,  
c r e a s e s ,  w h e r e a s  t h a t  i n  t h e  l o w e s t  s e c t i o n  i n c r e a s e s .  T h i s  i s  s h o w n  i n  
F i g .  5 ,  f o r  d i s t i l l e d  w a t e r .  T h e  p r e a e n c e  o f  m a x i m a  i n  t h e  d o w n f l o w  s e c -
t i o n  i s  i n  q u a l i t a t i v e  a g r e e m e n t  w i t h  t h e  r e s u l t s  o f  M e r c h u k  e t  a l . ,  ( 1 9 8 0 ) ,  
f o r  t h e  u p f l o w  s e c t i o n  o f  a  s i m i l a r  s y s t e m .  
T h e  e f f e c t  o f  e l e c t r o l y t e s  i s  i n d i c a t e d  b y  t h e  i n c r e a s e  i n  g a s  h o l d -
u p  b y  1 5  t o  2 0 % ,  o n  a d d i t i o n  o f  N a C £  t o  d i s t i l l e d  w a t e r ,  i n  F i g s .  2  t h r o u g h  
6 .  T h e  p r e s e n c e  o f  i o n s  i s  k n o w n  t o  h i n d e r  c o a l e s c e n c e  o f  b u b b l e s  ( L e s s a r d  
e t  a l . ,  1 9 7 1 ) ,  a l t h o u g h  t h e r e  a p p e a r s  t o  b e  s o m e  d i s a g r e e m e n t  a m o n g  w o r k e r s  
r e g a r d i n g  t h e  m e c h a n i s m  o f  t h i s  p h e n o m e n o n .  T h e  e f f e c t  o f  c o n c e n t r a t i o n  
o f  N a C £  o n  g a s  h o l d u p  i s  d e p i c t e d  i n  F i g .  6 .  I t  i n d i c a t e s  a  s h a r p  i n c r e a s e  
i n  c p d  ( a b o u t  2 0  t o  2 5 % )  o n  a d d i n g  a  s m a l l  a m o u n t  o f  s a l t  ( a b o u t  0 . 0 5  M  s o l n ) ,  
a n d  a  m a x i m u m ,  b e t w e e n  0 . 2 M  a n d  0 . 3 M  N a C £ .  O n  f u r t h e r  a d d i t i o n  o f  s a l t ,  
t h e  h o l d u p  d e c r e a s e s  s l o w l y .  T h e  p r e s e n c e  o f  a  m a x i m u m  i s  i n  a g r e e m e n t  
w i t h  t h e  d a t a  o f  L e s s a r d  e t  a l . ,  ( 1 9 7 1 ) ,  w h o  s h o w e d  t h a t  a  c r i t i c a l  
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concentration (about 0.2M for NaCt) exists for an electrolyte solution, at 
which there is a sudden decrease in coalescence frequency. The presence 
of ions is also known to decrease bubble size due to the decrease in sur-
face tension (Zierninski, 1971). This was verified by observing the bubbles. 
CONCLUSIONS 
The results of these experiments tend to indicate a variation of gas 
holdup with axial distance in the downflow section. The experiments with 
NaCt solutions show an increase in gas holdup, and hence an increase in 
interfacial area per unit volume. The effect of viscosity and surfactants 
remains to be investigated in order to get a better appreciation of bubble 
behavior in an airlift column. 
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Fig. 2. Variation of gas holdup with liquid height above baffle 
in an airlift fermentor, for distilled water and 0.6 M 
NaCl solution and a superficial gas velocity of 400 em/ 
min. 
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MEASUREMENT OF MICHAELIS CONSTANTS 
FOR SOLUBLE AND IMMOBILIZED GLUCOAMYLASE 
Robert A. Lesch 
Department of Chemical Engineering 
Iowa State University 
Ames, Iowa 50011 
Many enzymes when immobilized are subject to internal and external 
diffusion limitation by substrate; this effect can disguise the in-
trinsic enzyme parameters and cause marked variation in the measured 
kinetic properties. 
In his Ph.D. dissertation (1), Lee presented a mathematical 
technique to estimate intrinsic rate parameters for heterogeneous 
catalysts that follow Michaelis-Menten or Langmuir-Hinshelwood kinetics, 
and which are limited by slow pore diffusion; for this he utilized the 
Bischoff-Aris general modulus (2,3). The method requires single ob-
served rates at low bulk substrate concentrations (where the modulus 
is greater than one) in order to get a reciprocal relation between 
the effectiveness factor and the modulus. The effectiveness factor 
is simply the ratio of the reaction rate where pore diffusion limi-
tation is occurring to the reaction rate without it. The general 
modulus, on the other hand, is a measure of the effect of diffusivity 
on the actual reaction rate; it is a complex expression involving 
the substrate concentration, the Michaelis constant, the maximum re-
action rate, the effective diffusivity, and the particle size. In 
addition, there must also be experimental data at a sufficiently high 
substrate concentration that the enzyme would be saturated if pore 
diffusion limitation were not occurring. 
Lee conducted his experimental work using glucoamylase immobilized 
to fairly large porous glass beads (40/80 mesh) for which pore dif-
fusion limitation·was indeed present. The concentration of the maize 
dextrin substrate was varied from 0.2% to 25.6% (w/v). The initial 
activities w~re plotted on an Eadie-Hofstee plot (Fig. 1) whi~h gave 
an apparent K of 1.428%. His method predicted an intrinsic Km of 
0.144%. The Wurpose of the work in this paper was to verify this value 
for soluble and immobilized glucoamylase free of pore diffusion 
limitation under conditions as close to those used by Lee as possible. 
An account of the combined research is now in press (4). 
MATERIALS AND METHODS 
Materials 
Maltrin-15, a maltodextrin produced from corn starch of approx-
imately 73% amylopectin content by a-amylase hydrolysis and light 
8 0  
a c i d  t r e a t m e n t ,  w a s  o b t a i n e d  f r o m  G r a i n  P r o c e s s i n g  C o r p o r a t i o n .  
A n  A s p e r g i l l u s  n i g e r  g l u c o a m y l a s e ,  D i a z y m e  1 6 0 ,  w a s  p r o v i d e d  
b y  M i l e s  L a b o r a t o r i e s .  T h i s  e n z y m e  w a s  i m m o b i l i z e d  t o  s i l a n i z e d  
c o n t r o l l e d  p o r e  g l a s s  b e a d s  f r o m  C o r n i n g  G l a s s  W o r k s  u s i n g  g l u t a r -
a l d e h y d e  a s  d e s c r i b e d  b y  L e e  ( 1 ) ;  t h e  g l a s s  h a d  a  p o r e  d i a m e t e r  w i t h i n  
1 0 %  o f  5 5  n m .  T h e r e  w e r e  t w o  m o d i f i c a t i o n s  i n  h i s  p r o c e d u r e ,  h o w e v e r .  
F i r s t ,  t h e  g l a s s  w a s  g r o u n d  t o  l e s s  t h a n  2 0 0  m e s h  ( 7 4  ~m); p r e v i o u s  
s t u d i e s  h a d  s h o w n  t h a t  g l u c o a m y l a s e  i m m o b i l i z e d  t o  p a r t i c l e s  o f  2 0 0 +  
m e s h  g a v e  a l m o s t  i d e n t i c a l  r e a c t i o n  b e h a v i o r  t o  t h e  s o l u b l e  f o r m  -
t h a t  i s ,  f r e e  o f  p o r e  d i f f u s i o n  l i m i t a t i o n  ( 5 ) .  S e c o n d ,  t h e  D i a z y m e  
1 6 0  w a s  c o n t a c t e d  w i t h  t h e  g l u t a r a l d e h y d e - t r e a t e d  g l a s s  a t  a  c o n -
c e n t r a t i o n  o f  4 0  m g  D i a z m e / g  g l a s s  r a t h e r  t h a n  4 0 0  m g / g ,  t o  m o r e  
c o m p l e t e l y  i n s u r e  o p e r a t i o n  w i t h o u t  d i f f u s i o n  l i m i t a t i o n .  
R e a c t i o n  S y s t e m s  
S o l u b l e  g l u c o a m y l a s e  w a s  i n c u b a t e d  a t  5 5 ° C  a f t e r  a d d i n g  2  m l  
o f  a  0 . 0 2 6 %  D i a z y m e  s o l u t i o n  i n  p H  4 . 5 ,  0 . 0 7 5 M  s o d i u m  a c e t a t e  b u f f e r  
t o  8  m l  o f  v a r y i n g  d e x t r i n  c o n c e n t r a t i o n s  d i s s o l v e d  i n  t h e  s a m e  
0  
b u f f e r .  S a m p l e s  w e r e  w i t h d r a w n  a t  v a r y i n g  t i m e s  a n d  h e a t e d  t o  9 5  C  
t o  d e a c t i v a t e  t h e  e n z y m e  a n d  c o m p l e t e l y  m u t a r o t a t e  t h e  g l u c o s e  p r o -
d u c e d  b y  t h e  g l u c o a m y l a s e .  
A c t i v i t y  o f  i m m o b i l i z e d  g l u c o a m y l a s e  w a s  d e t e r m i n e d  w i t h  a  b a t c h  
r e c i r c u l a t i o n  r e a c t o r  s y s t e m  ( 6 ) .  F e e d  w a s  p u m p e d  f r o m  a  s t i r r e d  
1 0 0  m l  t h r e e - n e c k e d  f l a s k  t h r o u g h  a  s t a i n l e s s  s t e e l  p r e h e a t i n g  c o i l  
t o  a  1 . 3  e m  i . d . ,  1 0  e m  l o n g  P l e x i g l a s  r e a c t o r  p a c k e d  w i t h  a b o u t  1  g  
o f  i m m o b i l i z e d  e n z y m e - g l a s s  a n d  f i l l e d  w i t h  4 0 - 8 0  m e s h  i n e r t  p o r o u s  
g l a s s  p a r t i c l e s .  T h e  p u m p  w a s  a  C o l e - P a r m e r  p e r i s t a l t i c  p u m p  w i t h  a  
# 7 0 1 6  h e a d  a n d  s i l i c o n e  t u b i n g ;  f l o w  r a t e  t h r o u g h  t h e  r e a c t o r  w a s  m a i n -
t a i n e d  a t  4 0 - 5 0  m l / m i n  ( 0 . 5 3 - 0 . 6 6  c m / s ) .  A t  t h i s  f l o w  r a t e ,  d i f f u s i o n  
l i m i t a t i o n  d u e  t o  f i l m  e f f e c t s  w a s  n e g l i g i b l e .  F r o m  t h e  r e a c t o r  t h e  
s o l u t i o n  r e t u r n e d  t o  t h e  f l a s k ,  f r o m  w h i c h  s a m p l e s  w e r e  w i t h d r a w n  a t  
v a r i o u s  t i m e s .  F e e d  c o n s i s t e d  o f  d e x t r i n  s o l u t i o n s  i n  p H  4 . 5 ,  O . l M  
a c e t a t e  b u f f e r .  T h e  w h o l e  s y s t e m ,  e x c e g t  t h e  p u m p ,  w a s  i m m e r s e d  i n  
a  H a a k e  c o n s t a n t  t e m p e r a t u r e  b a t h  a t  5 5  C .  
A n a l y t i c a l  
S a m p l e s  o f  1 0  ~1 w e r e  a n a l y z e d ,  a f t e r  m u t a r o t a t i o n  h a d  g o n e  t o  
c o m p l e t i o n ,  w i t h  a  B e c k m a n  M o d e l  E R A - 2 0 0 1  g l u c o s e  a n a l y z e r ,  w h i c h  
d e t e r m i n e d  g l u c o s e  c o n t e n t  b y  u s e  o f  a  s o l u t i o n  o f  g l u c o s e  o x i d a s e  
a n d  a n  o x y g e n  s e n s i n g  e l e c t r o d e  w h i c h  m e a s u r e d  t h e  r a t e  o f  o x y g e n  
c o n s u m p t i o n .  T o  s u p p r e s s  g l u c o a m y l a s e  a n d  m a l t a s e  i n  t h e  g l u c o s e  
o x i d a s e  p r e p a r a t i o n ,  e a c h  v o l u m e  o f  t h e  l a t t e r  w a s  d i l u t e d  w i t h  0 . 2 5  
t o  0 . 5  v o l u m e s  o f  1 M  T r i s  b u f f e r  o f  p H  5 . 7  ( 7 ) .  
O n e  u n i t  w a s  d e f i n e d  a s  t h e  a m o u n t  o f  e n z y m e  n e c e s s a r y  t o  p r o d u c e  
1  p m o l  g l u c o s e  i n  1  m i n  d u r i n g  t h e  l i n e a r  s e g m e n t  o f  a  g l u c o s e  c o n -
c e n t r a t i o n  v s .  t i m e  p l o t  u n d e r  t h e  r e a c t i o n  c o n d i t i o n s  ( p H  4 . 5 ,  
5 5 ° C ,  v a r i a b l e  s u b s t r a t e  c o n c e n t r a t i o n ) .  
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RESULTS 
Initial activities of soluble glucoamylase were determined as 
previously described for dextrin concentrations between 0.1% and 
1.5% (w/v). These are shown on an Eadie-Hofstee plot in Fig. 2, 
where the vertical bars represent the 95% confidence limits on the 
activities. A linear regression yielded a Km of 0.115% and a Vm 
of 8560 U/g (Fig. 2). 
The activities of 200+ mesh immobilized glucoamylase for feed 
concentration from 0.1% to~2.0% are also shown in Fig. 2. One column 
gave a~· of 0.263% and a V of 119 U/g. However, the amount of 
scatter 1n the points indic~ted the need for a second trial, which 
gave values of 0.217% and 154 U/g for the respective constants. 
DISCUSSION 
The value of K that Lee obtained by his estimation procedure 
for the hydrolysis ~f maltodextrins by diffusion-limited immobilized 
glucoamylase agrees quite well with that for soluble glucoamylase 
and somewhat less well with that for immobilized glucoamylase free 
of diffusion limitation. The fact that this occurs despite several 
difficulties noted by Lee (1) tends to lend credibility to the use-
fulness of his technique. 
Another aspect of these results concerns some work done by Swanson 
et al. at Purdue (8), who found that assays with pure maltose and 
glucoamylase gave an Eadie-Hofstee plot that was concave upward and 
therefore deviated from Michaelis-Menten kinetics. The initial rate 
data obtained here· for soluble glucoamylase did adhere to Michaelis-
Menten kinetics, in view of the straight line obtained on the Eadie-
Hofstee plot, for a substrate whose dextrin chains were sufficiently 
long that V and ~ did not vary significantly with chain length 
(i.e. an a~erage length of about seven in this work). 
Given suitable experimental data, the simplicity of the estimation 
method proposed by Lee and its applicability to data already gathered 
make it an attractive tool for the evaluation of reactions limited by 
intraparticle diffusion limitation. 
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Figure 1. Eadie-Hofstee plot for immobilized glucoamylase (40/80 mesh) 
at pH 4.5 and 55°C with Maltrin-15 substrate. 
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KINETICS OF ALKALINE OXIDATION AND DEGRADATION OF SUGARS 
INTRODUCTION 
Alfred R. Fratzke 
Department of Chemical Engineering 
Iowa State University 
Ames, Iowa 50011 
Three years ago in this symposium series (1), the results of an effort 
to automate the Somogyi-Nelson method for the analysis of reducing sugars 
(2) were presented. This attempt was not successful, as modifications made 
to increase the reaction rate and to prevent cuprous oxide from precipitating 
on tube walls (3) still did not yield a sufficiently fast reaction or com-
pletely eliminate the precipitate. In addition, the automated method was 
so imprecise and inaccurate compared to manual determinations that it had 
little value. 
In that paper (1) were the results of oxidation kinetics and stoich-
iometries of a number of sugars, carried out both with the standard Somogyi-
Nelson alkaline copper method (2) and with the Fuller modification (3). 
Ketohexoses reacted the fastest, followed in decreasing order by aldopentoses, 
then aldohexoses and di- and oligosaccharide.s, and finally by 6-deoxyhexoses. 
While oxidations of monosaccharides were first-order in sugar concentration 
throughout, those of di- and oligosaccharides were composed of two first-order 
segments, the first, encompassing approximately 75% of the total conversion, 
being faster than the second. Stoichiometries at complete conversion varied 
significantly for different sugars, aldopentoses and 6-deoxyhexoses having lower 
stoichiometries than the others, which were roughly equal to the other. 
These results led to a much deeper analysis of the oxidation of reducing 
sugars with alkaline copper and related reagents, and that work will be 
presented in this paper. 
BASIC CHEMISTRY 
Epimerizations and aldose-ketose isomerizations occur under even mildly 
alkaline conditions, and were first described in 1895 (4). Soon after, the 
currently' accepted enolization mechanism for these reactions was proposed (5): 
Enediol 
Aldose 
H-C-OH 
II 
H-C=O C-OH Ketose 
I I 
H-C-OH !' /R' 
H-C=O H-e-o- H-C-OH 
I Il II 
HO-C-H C-OH c-o 
I I 
-I R R R 
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F o r m a t i o n  o f  t h e  2 , 3 - e n o l a t e  a n d  f u r t h e r  m i g r a t i o n  o f  t h e  d o u b l e  b o n d  d o w n  
t h e  c a r b o n  c h a i n  i s  p o s s i b l e ,  b u t  s i n c e  e n o l a t e  i n t e r m e d i a t e s  a r e  h i g h l y  
s u s c e p t i b l e  t o  o t h e r  r e a c t i o n s ,  t h e  l a t t e r  i s  t h o u g h t  t o  b e  u n c o m m o n .  
E n o l i z a t i o n  i s  t h e  i n i t i a l  s t e p  i n  m a n y ,  i f  n o t  m o s t ,  n o n - o x i d a t i v e  
a l k a l i n e  d e g r a d a t i o n  r e a c t i o n s ,  a n d  h a s  b e e n  f o u n d  t o  b e  t h e  i n i t i a l  a n d  
r a t e - d e t e r m i n i n g  s t e p  i n  a l k a l i n e  c o p p e r ( I I )  ( 6 - 9 ) ,  h e x o c y a n o f e r r a t e  ( I I I )  
( 1 0 , 1 1 ) ,  A g ( I )  ( 1 2 ) ,  a n d  H g ( I I )  ( 1 3 )  o x i d a t i o n s  o f  s u g a r s .  N o n - o x i d a t i v e  
a l k a l i n e  d e g r a d a t i o n s  g e n e r a l l y  p r o c e e d  f u r t h e r  b y  8 - e l i m i n a t i o n ,  f i r s t  
p r o p o s e d  b y  I s b e l l  ( 1 4 ) .  F u r t h e r  f r a g m e n t a t i o n  a n d  rearrangemen~ r e a c t i o n s  
m a y  o c c u r .  T h e  s c h e m e  b e l o w ,  a d a p t e d  f r o m  M a c h e l l  a n d  R i c h a r d s  ( 1 5 ) ,  
s u m m a r i z e s  t h e  v a r i o u s  r e a c t i o n s :  
X  
X  
I  
I  
C = O  
C = O  
I  
I  
H - C - O H  
C - O H  
I  
I I  -
H - C - O Y  
H - C  +  Y O  
I  
I  
•  Z  ~8-elim\ti"Y 
( e n o l i z a t > o n )  ~. ~ 
z  
' \  
X  
I  -
c - o  
I I  
C - O H  
I  
H - C - O Y  
I  
z  
X  
I  
C = O  
I  
C = O  
I  
C H 2  
I  
z  
S a c c h a r i n i c  A c i d  
C 0
2
H  
I  
C - X , O H  
I  
C H
2  
I  
z  
~enzilic a c i d - t y p e  
/  ,~ r e a r r a n g e m e n t )  
( h y d r o l y s i s )  
s c i s s i o n  o r  
f r a g m e n t a t i o n  
p r o d u c t s  
B e s i d e s  t h e s e  r e a c t i o n s ,  a  n u m b e r  o f  o t h e r s  h a v e  b e e n  o b s e r v e d ,  i n -
c l u d i n g  t h e  f o r m a t i o n  o f  d i v a l e n t  e n o l a t e  i o n s  ( 1 6 - 1 8 )  f o l l o w e d  b y  h y d r o x y l  
e l i m i n a t i o n  a n d  c h a i n  t e r m i n a t i o n ,  a l d o l  c o n d e n s a t i o n s  ( 1 9 - 2 2 ) ,  a n d  t h e  
f o r m a t i o n  o f  m i n o r  a m o u n t s  o f  d i d e o x y - a c i d s ,  a n h y d r o s a c c h a r i n i c  a c i d s ,  
8 - h y d r o x y - a , S - e n o n e s  ( 2 3 - 2 4 ) ,  a n d  a  s e r i e s  o f  p h e n o l i c  c o m p o u n d s  ( 2 5 - 2 7 ) .  
U n d e r  o x i d a t i v e  c o n d i t i o n s ,  a d d i t i o n a l  r e a c t i o n s  m a y  o c c u r .  W i t h  o x y g e n ,  
8 - e l i m i n a t i o n s  f r o m  d i c a r b o n y l  i n t e r m e d i a t e s ,  f o r m i n g  t r i c a r b o n y l  i n t e r m e d i a t e s  
a n d  e v e n t u a l l y  d i c a r b o x y l i c  a c i d s  a n d / o r  c a r b o n  d i o x i d e ,  h a v e  b e e n  o b s e r v e d  ( 2 8 ) .  
W i t h  a l k a l i n e  c o p p e r ,  h e x o s e s  a r e  o x i d i z e d  a n d  c l e a v e d  t o  f o r m i c ,  g l y c o l i c ,  
a n d  D - a n d  L - g l y c e r i c  a c i d  a s  w e l l  a s  s e v e r a l  t r i h y d r o x y b u t y r i c  a n d  h e x o n i c  
a c i d s ,  c a r b o n i c  a c i d ,  a n d  o x a l i c  a c i d  ( 2 9 - 3 3 ) .  A s  a l k a l i n i t y  d e c r e a s e s ,  l e s s  
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of the final product is composed of hexonic acids, corresponding to a higher 
ratio of reduction of Cu(II) to Cu(I) (33,34). 
In general the kinetics of sugar oxidations with alkaline copper are 
zero order in Cu(II), at least at Cu(II) concentrations below O.OlM, and 
first order with respect to both sugar and hydroxyl concentration (6,7). 
Because of the complexity of oxidations of pentoses, hexoses, and di-
and oligosaccharides, with many different products possible, it appeared best 
to concentrate on smaller sugar analogues, such as glycolaldehyde (2-
hydroxyethanal) and a number of three-carbon hydroxyaldehydes and hydroxyketones, 
like 2-hydroxypropanal, 3-hydroxypropanal, acetol (1-hydroxy-2-propanone), 
glyceraldehyde (2,3-dihydroxypropanal), dihydroxyacetone (1,3-dihydroxy-2-
propanone), 1-hydroxy-3-methoxy-2-propanone, and 2-hydroxy-3-methoxypropanal. 
For each of these materials, kinetics and stoichiometries of oxidation and 
degradation reactions will be obtained, and reaction products will be 
identified. This will aid in the elucidation of the more complex reactions 
characteristic of larger sugars. 
A beginning has been made in this effort, and results of initial work on 
glycolaldehyde, glyceraldehyde,and dihydroxyacetone will be presented in 
this paper. 
MATERIALS AND METHODS 
Kinetic Determinations 
The rates of oxidation in Somogyi's copper reagent (35) of various 
monosaccharides were observed by incubating at 95°C,for increasing lengths 
of time, 2.0 ml aliquots of a sugar solution with 2.0 ml of Somogyi's car-
bonate-buffered copper reagent in Folin-Wu blood sugar tubes. Following 
the addition of 2.0 ml of Nelson's arsenomolybdate reagent (2) to the 
cooled tubes and dilution to 25.0 ml total volume, the respective absorb-
ances were read at 500 nm. It was necessary to limit the saccharide con-
centrations to those yielding a maximal absorbance of 0.5 - 0.6 in a 1 em path 
length cell, since all sugars ~xamined show slight but significant upward 
deviations form a linear relation between concentration and absorbance above 
0.6 absorbance. 
Stoichiometric Determinations 
The end points of each kinetic run were used to determine the molar 
absorbance of each saccharide. From these values could be obtained the over-
all number of moles of copper reduced per mole of saccharide oxidized. 
Then, since two moles of copper are thought to be consumed with each oxi-
dation step, the average number of oxidations per mole of saccharide follows 
directly. 
RESULTS 
Glycolaldehyde Oxidation and Degradation 
Glycolaldehyde, the simplest hydroxyaldehyde, was chosen for initial 
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s t u d y  b e c a u s e  i t  c a n n o t  u n d e r g o  8 - e l i m i n a t i o n ,  a n d  t h e r e f o r e  s h o u l d  h a v e  
t h e  l e a s t  c o m p l e x  r e a c t i o n  p a t t e r n  o f  a n y  m a t e r i a l  t h a t  i s  o x i d i z e d  b y  
t h e  S o m o g y i  r e a g e n t  ( F i g .  1 ) .  T h o u g h  a l d o l  c o n d e n s a t i o n  a n d  o t h e r  n o n -
o x i d a t i v e  r e a c t i o n s  a r e  p o s s i b l e ,  t h e y  e v i d e n t l y  d i d  n o t  o c c u r  t o  a n y  e x -
t e n t  u s i n g  glyz~laldehyde o r i t s e n o l a t e  i o n  a s  r e a c t a n t s ,  a s  a l m o s t  e x -
a c t l y  2  m o l  C u  / m o l  g l y c o l a l d e h y d e  w a s  r e d u c e d  u n d e r  n o r m a l  r e a c t i o n  
c o n d i t i o n s .  A s  s h o w n  b y  F i g .  1 ,  g l y o x a l  w o u l d  b e  e x p e c t e d  t o  r e a r r a n g e  t o  
g l y c o l a t e  o r  u n d e r g o  s c i s s i o n  t o  p r o d u c e  f o r m a l d e h y d e  a n d  f o r m a t e ,  b u t  t h e  
a c t u a l  d i s t r i b u t i o n  o f  p r o d u c t s  h a s  n o t  y e t  b e e n  m e a s u r e d .  
G l y c o l a l d e h y d e  e x h i b i t s  a  c a l i b r a t i o n  c u r v e  l i k e  t h a t  o f  m o s t  o t h e r  
m o n o s a c c h a r i d e s  w i t h  S o m o g y i  r e a g e n t ,  w h e n  t h e  a s s a y  w a s  c a r r i e d  t o  c o m -
p l e t i o n  ( F i g .  2 ) .  T h e  d e v i a t i o n  f r o m  l i n e a r i t y  b e t w e e n  5 m M  a n d  1 2 m M  
g l y c o l a l d e h y d e  i s  a~+yet u n e x p l a i n e d ,  a s  i s  t h e  c o n t i n u e d  i n c r e a s e  i n  
a b s o r b a n c e  a f t e r  C u  i s  e x h a u s t e d .  I t  i s  c l e a r ,  h o w e v e r ,  t h a t  t h e  l i m i t -
i n g  r e a c t i o n s  a t  l o w  g l y c o l a l d e h y d e  c o n c e n t r a t i o n s  w a s  t h e  i n i t i a l  e n o l i -
z a t i o n ,  a s  r e a c t i o n s  w i t h  s t a n d a r d  S o m o g y i  r e a g e n t  ( w i t h  C u S 0 4 ) ,  a n d  w i t h  
K
3
F e  ( C N )
6  
s u b s t i t u t e d  f o r  t h e  C u S 0 4  a t  t h e  s a m e  p H ,  o c c u r r e d  a t  t h e  s a m e  
r a t e  ( F i g . 3 ) .  E n o l i z a t i o n  a p p e a r e d  t o  b e  l i m i t i n g  o v e r  a  3 0 ° C  r a n g e ,  a s  
a n  A r r h e n i u s  p l o t  i s  s t r a i g h t  f r o m  6 5 ° C  t o  9 5 ° C  ( F i g .  4 ) .  
W h e n  g l y c o l a l d e h y d e  w a s  i n c u b a t e d  w i t h  t h e  S o m o g y i  r e a g e n t ,  l e s s  C u S 0 4 ,  
f o r  v a r y i n g  l e n g t h s  o f  t i m e ,  a n d  t h e n  C u S 0 4  a d d e d  a n d  t h e  r e g u l a r  a s s a y  c a r r i e d  
o u t  t o  c o m p l e t i o n ,  a  s l o w  f i r s t - o r d e r  d e g r a d a t i o n  a f t e r  a n  i n i t i a l  l a g  w a s  
n o t e d  ( F i g .  5 ) .  I t s  r a t e  w a s  m u c h  l o w e r  t h a n  t h e  o v e r a l l  d i s a p p e a r a n c e  
o f  g l y c o l a l d e h y d e  i n  t h e  p r e s e n c e  o f  C u S 0 4  a t  t h e  s a m e  t e m p e r a t u r e  ( F i g .  5 ) ,  
c o n f i r m i n g  t h e  s t o i c h i o m e t r y  m e n t i o n e d  e a r l i e r .  A c e t o l ,  w h i c h  h a s  a  m e t h y l  
g r o u p  r e p l a c i n g  t h e  R - g r o u p  h y d r o g e n  o f  g l y c o l a l d e h y d e  ( f i r s t  i l l u s t r a t i o n ) ,  
r e a c t e d  a p p r e c i a b l y  s l o w e r  t h a n  t h e  l a t t e r  ( F i g .  5 ) .  
G l y c e r a l d e h y d e  a n d  D i h y d r o x y a c e t o n e  O x i d a t i o n  
M a n y  m o r e  r e a c t i o n s  c a n  o c c u r  w i t h  t h r e e - c a r b o n  h y d r o x y a l d e h y d e s  a n d  
h y d r o x y k e t o n e s  t h a n  w i t h  g l y c o l a l d e h y d e  ( F i g .  2~· I f  g l y c e r a t e  o r  f o r m a l -
d e h y d e  a n d  g l y c o l a t e  a r e  p r o d u c e d ,  o n l y  t w o  C u  i o n s  a r e  r e d u c e d .  I f  
f o r m a t e  a n d  g l y c o l a l d e h y d e  a r e  formed,
2
~n t h e  o t h e r  h a n d ,  f u r t h e r  o x i d a t i o n  
o f  t h e  l a t t e r  w o u l d  o c c u r ,  a n d  f o u r  C u  i o n s  w o u l d  b e  r e d u c e d .  E v e n  m o r e  
c a n  b e  e x p e n d e d  i f  e n o l i z a t i o n  f o l l o w s  t h e  f o r m a t i o n  o f  t h e  d i c a r b o n y l  i n t e r -
m e d i a t e .  
G l y c e r a l d e h y d e  a n d  d i h y d r o x y a c e t o n e  f o l l o w e d  t h e  s a m e  k i n e t i c s  u n d e r  
C u S 0 4  o x i d a t i o n  ( F i g .  8 ) ,  e v e n  t h o u g h  t h e i r  e n o l i z a t i o n  m u s t  t a k e  dif~$rent 
p a t h s .  W h i l e  g l y c e r a l d e h y d e  r e q u i r e d  a l m o s t  e x a c t l y  f o u r  m o l e s  o f  C u  
p e r  m o l ,  s u g g e s t i n g  t h a t  f o r m a t e  a n d  g l y c o l a l d e h y d e  m a y  b e  t~$ s o l e  i n t e r -
m e d i a t e  p r o d u c t s ,  d i h y d r o x y a c e t o n e  r e q u i r e d  s l i g h t l y  m o r e  C u  •  T h i s  i s  
u n e x p e c t e d ,  a s  t h e  s a m e  e n e d i o l  i n t e r m e d i a t e  ( a l t h o u g h  p e r h a p s  n o t  t h e  s a m e  
e n e d i o l a n i o n )  i s  i n v o l v e d  a s  w i t h  g l y c e r a l d e h y d e  a n d ,  b e c a u s e  d i h y d r o x y -
a c e t o n e  i s  s y m m e t r i c a l ,  n o  o t h e r  e n e d i o l  i s  p o s s i b l e .  
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STABILITY OF CEREAL PROTEIN DURING MICROBIAL 
GROWTH ON GRAIN DUST 
Bamidele 0. Solomon 
Department of Chemical Engineering 
Kansas State University 
Manhattan, Kansas 66506 
Dust generated during grain handling may result in loss of life and 
money because of dust explosions [1, 2, 3, 4]. Major expenses are involved 
in purchasing equipment to collect and control dust. Thus the dust needs to 
be upgraded to a more useful form. Chemical and physical properties of dusts 
indicate that they contain the same chemical components as whole grain but 
in different magnitudes [4]. For microbial cultivation, the starch in grain 
dusts may be hydrolyzed to glucose which can then be used as a source of car-
bon and energy. In most microbial utilization processes, the protein in the 
grain is used for animal feed. In the process of hydrolyzing the starch to 
glucose the protein fraction in the dust residue is increased. The hydrolyzed 
starch may be used to produce single cell protein, ethyl alcohol, acetic acid 
and other chemicals. This prospect is stronger than ever as supplies of 
petroleum increase in cost. Several studies have been made to utilize "wastes" 
as sources of protein [5, 6, 7, 8, 9]. 
The microbial utilization of corn, wheat, and milo dust was investigated 
in this work. Enzymatically hydrolyzed starch from the dust was used in 
shake flask and batch fermentation experiments as filtered and unfiltered 
glucose for the cultivation of the yeast Candida utilis. Protein yield in 
unfiltered cultivations were predicted based on yield values in the filtered 
substrates. Nitrogen measurements were made and used to estimate the fraction 
of nitrogen in the biomass and the biomass energetic yield (n). These values 
together were used to understand better the condition of cereal protein during 
microbial growth on unfiltered glucose. 
THEORY 
The yields of microbial protein on grain dust may be reported in both 
mass and energetic terms. Material and energy balances and regularities 
associated with growth processes may be used in yield analysis [10, 11, 12, 
13, 14]. The equation for the metabolism of various organic substrates by 
microorganisms is 
CH On + aNH3 + b02 + y CH 0 N + ZCH 0 Nt m ~ c p n q r s 
where CHmOt represents the composition of the organic substrate, CHpOnNq is 
the composition of these atoms in the biomass, and CHrOsNt is the composition 
in the extracellular products. Minkevich and Eroshin [15] have found that the 
1 0 0  
w e i g h t  f r a c t i o n  c a r b o n  i n  b i o m a s s ,  o b ,  t h e  r e d u c t a n c e  d e g r e e ,  Y b  a n d  e n e r g y  
c o n t e n t  p e r  e q u i v a l e n t  o f  a v a i l a b l e  e l e c t i o n s  i n  b i o m a s s ,  Q
0
,  a r e  r e l a t i v e l y  
c o n s t a n t .  T h e  r e d u c t a n c e  d e g r e e ,  y ,  i s  t h e  e q u i v a l e n t s  o f  a v a i l a b l e  e l e c t i o n s  
p e r  g  a t o m  c a r b o n .  
T h e  b i o m a s s  e n e r g e t i c  y i e l d  ( n ) ,  i s  t h e  e n e r g y  c o n t e n t  o f  t h e  b i o m a s s  p e r  
u n i t  o f  e n e r g y  i n  t h e  c o n s u m e d  o r g a n i c  s u b s t r a t e .  I t  i s  r e l a t e d  t o  o t h e r  
y i e l d  v a l u e s  a n d  m e a s u r e d  v a r i a b l e s  a s  f o l l o w s  
0
b Y b  
n  =  Y s  o s y s  
w h e r e  Y s  i s  t h e  m o s t  c o m m o n l y  u s e d  m a s s  y i e l d  w h i c h  i s  d e f i n e d  a s  g  b i o m a s s  
p r o d u c e d / g  c o n s u m e d  s u b s t r a t e .  
W h e n  n i t r o g e n  d a t a  i s  a v a i l a b l e  i n  a d d i t i o n  t o  b i o m a s s  a n d  s u b s t r a t e  
m e a s u r e m e n t s ,  b i o m a s s  e n e r g e t i c  y i e l d  c a n  b e  e s t i m a t e d  u s i n g  t h e  e q u a t i o n  
b e l o w  
1 2 y b Q N  
n N 2  =  1 4 o s y s q Q s  
w h e r e  q  =  0 . 1 6 ,  Q N  i s  t h e  s p e c i f i c  r a t e  o f  n i t r o g e n  c o n s u m p t i o n ,  g  n i t r o g e n /  
g  b i o m a s s - h r . ,  Q s  i s  t h e  s p e c i f i c  r a t e  o f  s u b s t r a t e  c o n s u m p t i o n ,  g  s u b s t r a t e /  
g  b i o m a s s - h r .  
F o r  a n i m a l  f e e d i n g ,  t h e  m i x t u r e  o f  u n u t i l i z e d  g r a i n  d u s t  a n d  m i c r o b i a l  
p r o t e i n  i s  t h e  p r o d u c t  o f  i n t e r e s t .  I f  Y p  i s  t h e  m a s s  o f  p r o d u c t  p e r  m a s s  o f  
o r i g i n a l  d u s t ,  Y  r o  i s  t h e  m a s s  o f  p r o t e i n  i n  f i n a l  p r o d u c t  p e r  u n i t  m a s s  o f  
o r i g i n a l  d r y  dus~, a n d  X p  i s  t h e  p r o t e i n  f r a c t i o n  i n  t h e  d r y  g r a i n  d u s t ,  t h e n  
t h e  m a s s  o f  p r o t e i n  p r o d u c e d  p e r  m a s s  o f  d u s t  e x p e n d e d ,  Y E  i s  g i v e n  b y ,  
y  =  
E  
y  - X  
p r o  F  
1 - y  
p  
S i m i l a r l y ,  t h e  e n e r g e t i c  y i e l d  a s s o c i a t e d  w i t h  m i c r o b i a l  p r o t e i n  p r o d u c t i o n  i n  
t e r m s  o f  e n e r g y  c o n t e n t  o f  p r o d u c e d  p r o t e i n  p e r  u n i t  o f  e n e r g y  i n  t h e  d u s t  
e v o l v e d  a s  . h e a t ,  A  i s  g i v e n  b y  
(
Y  - X  ) o  y  
A  =  p r o  F  p r o  p r o  
o d y d - Y p o p y p  
w h e r e  d ,  p ,  p r o ,  a  a n d  y  r e f e r  t o  o r i g i n a l  d r y  d u s t ,  p r o d u c t ,  p r o t e i n ,  w e i g h t  
f r a c t i o n  c a r b o n  a n d  t h e  e q u i v a l e n t  o f  a v a i l a b l e  e l e c t r o n s  p e r  g  a t o m  c a r b o n ,  
r e s p e c t i v e l y .  
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MATERIALS AND METHODS 
Complete materials and methods have been reported elsewhere [16, 17]. 
Grain Dust 
All samples of grain dust were obtained from the U.S.D.A. Grain Marketing 
Research laboratory, Manhattan, Kansas 66502. 
Organism 
Candida utilis Y-1084 obtained from the USDA Northern Regipnal Research 
laboratory was used throughout. 
Enzymatic Hydrolysis of Grain Dust 
The enzymes, Termamyl liquid 60 (60 Kilo Novo units/g) a heat stable 
a-amylase from Bacillus licheniformis, and amyloglucosidase 150 (150 Novo AG 
units/ml) from Aspergillus niger, were supplied by Novo laboratories incor-
porated, 59 Danbury Road, Wilton Connecticut 06897. These enzymes were used 
in breaking down the gelatinized starch in the grain dust to glucose. 
Fermentation 
Yeast cells from a YM agar slant were incubated for 24 hours at 30°C and 
innoculated into 250 ml shake flasks containing 100 ml of medium. The cells 
were c~ltivated for 18 hours and then used as innoculum for shake flask and 
batch experiments ~1ith both filtered and unfiltered substrate. The operations 
were always aseptic and the broth was maintained at pH = 4.5 and 30°C. 
Analytical Methods 
Glucose concentration: This was measured by the glucose-DNS method of Miller 
[ 18]. 
Product/cell dry weight analysis: Product/cell yields were determined by 
depositing the product/cell from a 10 ml suspension on a dried millipore 
membrane filter which was then dried and weighed. 
Nitrogen and Protein determination: The % rritrogen in the orginal dry grain 
dust, residue after hydrolysis, pure biomass and the product of the fermenta-
tion of unfiltered glucose was determined using the micro-Kjeldahl method of 
Mitchell [ 19]. 
The % protein was obtained by multiplying the % nitrogen by 6.25. 
RESULTS AND DISCUSSION 
Table I contains the results of integrated available election and carbon 
balances fot' growth of C. utilis on corn dust III glucose. The balances show 
that the data is fairly consistent. The average biomass energetic yield, n, 
is 0.57 and 0.59 for growth of filtered and unfiltered glucose, respectively. 
1 0 2  
T a b l e  I I  c o n t a i n s  i n t e g r a t e d  b a l a n c e s  f o r  n i t r o g e n  m e a s u r e m e n t s  b a s e d  
o n  %  n i t r o g e n  i n  p r o d u c t s  a n d  s o l u b l e  n i t r o g e n  m e a s u r e d  i n  t h e  m e d i u m .  O n  
t h e  a v e r a g e  t o t a l  n i t r o g e n  u s e d  b a s e d  o n  %  n i t r o g e n  i n  p r o d u c t s  i s  0 . 4 2 5  ( g / 1 )  
a s  c o m p a r e d  t o  0 . 3 7 9  g / 1  b a s e d  o n  s o l u b l e  n i t r o g e n  c o n c e n t r a t i o n  i n  m e d i u M .  
T h e  m e a s u r e m e n t  o f  s o l u b l e  n i t r o g e n  c o n c e n t r a t i o n  i n  m e d i u m  d e t e c t s  n i t r o -
g e n  p r e s e n t  i n  f o r m  o f  N H 4  w h i l e  t h e  m e a s u r e m e n t  o f  n i t r o g e n  i n  p r o d u c t  i s  a  
t o t a l  n i t r o g e n  d e t e r m i n a t i o n  p r o c e d u r e .  
T a b l e s  I I I  a n d  I V  c o n t a i n  t h e  w e i g h t  f r a c t i o n  n i t r o g e n  i n  b i o m a s s  f r o m  
i n t e g r a t e d  a n d  i n s t a n t a n e o u s  b a l a n c e s  b a s e d  o n  s o l u b l e  n i t r o g e n  a n d  b i o m a s s  
m e a s u r e m e n t s  f o r  g r o w t h  o n  f i l t e r e d  a n d  u n f i l t e r e d  s u b s t r a t e .  T h e  v a l u e s  
o b t a i n e d  f o r  t h e  t w o  c o n d i t i o n s  a r e  c o m p a r a b l e  t o  e a c h  o t h e r  a n d  t o  t h e  l i t e r a -
t u r e  v a l u e  o f  0 . 0 8 2  r e p o r t e d  f o r  y e a s t  [ 1 5 ] .  A l s o  c o n t a i n e d  i n  t h e s e  t a b l e s  
i s  t h e  i n s t a n t a n e o u s  b i o m a s s  e n e r g e t i c  y i e l d  b a s e d  o n  n i t r o g e n  a n d  o r g a n i c  
s u b s t r a t e  d a t a .  G e n e r a l l y ,  t h e  v a l u e s  o f  b i o m a s s  e n e r g e t i c  y i e l d  c a l c u l a t e d  
a r e  c l o s e  t o  0 . 6 1  f o r  b o t h  f i l t e r e d  a n d  u n f i l t e r e d  s u b s t r a t e .  T h e s e  r e s u l t s  
i n d i c a t e  t h a t  t h e  b i o m a s s  e n e r g e t i c  y i e l d s  i s  n o t  i n f l u e n c e d  b y  t h e  p r e s e n c e  
o r  a b s e n c e  o f  t h e  s o l i d  r e s i d u e  a f t e r  s t a r c h  h y d r o l y s i s .  A l s o  t h e  w e i g h t  
f r a c t i o n  n i t r o g e n  i n  b i o m a s s ,  a s  d e t e r m i n e d  u s i n g  s o l u b l e  n i t r o g e n ,  i n d i c a t e s  
t h a t  t h e  c e r e a l  p r o t e i n  i n  t h e  u n f i l t e r e d  g l u c o s e  i s  n o t  u t i l i z e d  b y  t h e  
m i c r o o r g a n i s m s  d u r i n g  g r o w t h .  I n s t e a d ,  t h e  n i t r o g e n  u t i l i z e d  i n  p r o t e i n  
f o r m a t i o n  c o m e s  f r o m  t h e  i n o r g a n i c  n i t r o g e n  i n  t h e  b r o t h .  
T a b l e  V  i s  a  s u m m a r y  o f  t h e  i n t e g r a t e d  a n d  i n s t a n t a n e o u s  n i t r o g e n  b a l a n c e s .  
T h e  a v e r a g e  b i o m a s s  e n e r g e t i c  y i e l d  o b t a i n e d  w a s  g e n e r a l l y  i n  t h e  s a m e  r a n g e  
e x c e p t  f o r  a  f e w  v a l u e s  o b t a i n e d  f o r  t h e  g r o w t h  o n  u n f i l t e r e d  s u b s t r a t e .  
T a b l e s  V I  &  V I I  c o n t a i n  t h e  s u m m a r i e s  o f  p r o d u c t  y i e l d  a n d  p r o t e i n  c o n t e n t  
f o r  t h e  g r o w t h  o f  C a n d i d a  u t i l i s  o n  u n f i l t e r e d  g l u c o s e  i n  s h a k e  f l a s k  a n d  b e n c h  
s c a l e  f e r m e n t o r  e x p e r i m e n t s .  F o r  t h e  l a t t e r ,  t h e  f i n a l  p r o d u c t s  o b t a i n e d  
c o n t a i n  a b o u t  3 9 . 7 3 %  p r o t e i n  c o m p a r e d  t o  a  p r e d i c t e d  v a l u e  o f  3 4 . 3 6 % .  T h e  
r e s u l t s  a l s o  s h o w  t h a t  5 8 . 9 %  o f  t h e  m a s s  o f  t h e  o r i g i n a l  d r y  d u s t  i s  r e c o v e r e d  
i n  t h e  p r o d u c t  c o m p a r e d  t o  a  p r e d i c t e d  v a l u e  o f  7 0 . 8 % .  T h i s  i s  b e c a u s e  s o m e  
o f  t h e  s o l i d  d u s t  s t i c k s  t o  t h e  w a l l  o f  t h e  f e r m e n t o r  a n d  m a k e s  s a m p l i n g  
d i f f i c u l t .  T h i s  a c c o u n t s  f o r  t h e  l o w  d r y  w e i g h t  r e c o v e r y  a n d  m i g h e r  p r o t e i n  
p e r c e n t a g e  i n  t h e  f i n a l  p r o d u c t s .  A l s o  c o n t a i n e d  i n  T a b l e  V I I  a r e  t h e  e x p e r i -
m e n t a l  a n d  p r e d i c t e d  v a l u e s  f o r  t h e  g r a m  o f  p r o t e i n  i n  t h e  f i n a l  p r o d u c t  p e r  
g  o f  d r y  d u s t .  T h e  p r e d i c t e d  v a l u e s  a r e  t h e  s u m  o f  t h e  p r o t e i n  p r e s e n t  
i n i t i a l l y  a n d  t h e  p r o t e i n  p r o d u c e d  m i c r o b i a l l y  o n  t h e  m e a s u r e d  g l u c o s e  w h e n  
Y s  =  0 . 5  g  c e l l / g  g l u c o s e  a n d  t h e  c e l l s  c o n t a i n  5 0 %  p r o t e i n .  T h e  a v e r a g e  
p r e d i c t e d  v a l u e  i s  0 . 2 4 4  a n d  t h e  a v e r a g e  e x p e r i m e n t a l  v a l u e  i s  0 . 2 3 0 .  T a b l e  
V I  c o n t a i n s  t h e  p r o d u c t s  y i e l d s  f o r  g r o w t h  o n  c o r n ,  m i l o  a n d  w h e a t  d u s t s .  
T h e  r e s u l t s  s h o w  t h a t  c o r n  d u s t  h a s  t h e  h i g h e s t  a m o u n t  o f  a v a i a b l e  e l e c t r o n s  
u t i l i z e d  i n  p r o t e i n  s y n t h e s i s  p e r  a v a i l a b l e  e l e c t r o n  o f  d u s t  e x p a n d e d .  I n  
T a b l e s  V I  a n d  V I I ,  t h e  p r e d i c t e d  v a l u e s  o f  g  p r o t e i n  i n  p r o d u c t  p e r  g  d r y  
g r a i n  d u s t  a r e  i n  g o o d  a g r e e m e n t  w i t h  e x p e r i m e n t a l  v a l u e s .  T h i s  a l s o  s u p p o r t s  
t h e  i d e a  t h a t  y i e l d s  a r e  n o t  s i g n i f i c a n t l y  a f f e c t e d  b y  t h e  p r e s e n c e  o r  a b s e n c e  
o f  t h e  d u s t  r e s i d u e .  T h u s  c e r e a l  p r o t e i n  t e n d s  t o  r e m a i n  s t a b l e  a n d  u n u t i l i z e d  
d u r i n g  m i c r o b i a l  g r o w t h  o n  g r a i n  d u s t .  
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1 0 4  
T a b l e  I .  
E x a m i n a t i o n  o f  d a t a  c o n s i s t e n c y  u s i n g  i n t e g r a t e d  a v a i l a b l e  
e l e c t r o n  a n d  c a r b o n  b a l a n c e s  f o r  g r o w t h  o f  C .  u t i l i s  o n  
c o r n  d u s t  I I I  g l u c o s e .  
( h r )  
S o u r c e  T i m e  
o f  d a t a  
i n t e r v a l  
l l  
c  
l l  +  c  
y  
d  
y  + .  d  
c  
R u n  f t l  
0 - 6 . 5  
0 . 6 0  0 . 4 7  
1 . 0 7  
0 . 5 7  
0 . 4 1  
0 . 9 8  
R u u  1 1 2  
0 - 8  
0 . 5 5  
0 . 4 6  
1 . 0 1  
0 . 5 3  
0 . 4 1  
0 . 9 4  
R u n  1 1 3  
0 - 7 . 5  
0 . 5 3  
0 . 4 4  
0 . 9 7  
0 . 5 1  
0 . 4 5  
0 . 9 6  
R u n  1 1 4  
a  
0 - 6 . 5  
0 . 6 1  
o .  4 3  
1 . 0 4  
0 . 5 9  
0 . 3 3  
0 . 9 2  
a  
R u n  1 1 5  
0 - 8  
0 . 5 8  
0 . 4 7  
1 . 0 5  
0 . 5 6  
0 . 4 1  
0 . 9 7  
R u n  1 1 6  
a  
0 - 8  
0 . 6 1  
0 . 4 5  
1 . 0 6  
0 . 5 8  
0 . 3 7  
0 . 9 5  
a  - E x p e r i m e n t  w a s  c o n d u c t e d  o n  u n f i l t e r e d  g l u c o s e .  
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Table II. Integrated nitrogen balances in batch fermentations of 
C. utilis on unflitered glucose from corn dust III. 
Total nitrogen used Total nitrogen used 
(g/9..) based on % (g/ 9..) based on nitrogen 
Run II nitrogen in products. measured in the medium. 
4 0.426 0. 392 
5 0.413 0. 379 
6 0.435 0.366 
1 0 6  
~1ble I I I .  Wei~1t f r a c t i o n  n i t r o g e n  i n  b i o m a s s  f r o m  i n t e g r a t e d  a n d  i n s t a n t a n e o u s  
b a l a n c e s  a n d  i n s t a n t a n e o u s  b i o m a s s  e n e r g e t i c  y i e l d  b a s e d  o n  n i t r o g e n  
a n d  o r g a n i c  s u b s t r a t e  m e a s u r e m e n t s  f o r  b a t c h  f e r m e n t a t i o n  o f  C a n d i d a  
util~~on f i l t e r e d  g l u c o s e  f r o m  c o r n  d u s t  I I I ;  R u n  # 1 .  
0 ,  h r  
N  - N  
Q N ,  . . &  
Q N  ,  _ &  
0  
. &  
X  - X
0  
g  
) J  
g  
Q s  
g  
T l N  
2  
1 . 0  
0 . 0 9 8  
0 . 0 7 3  
0 . 0 5 0  
0 . 6 9 5  
2 . 0  
0 . 0 8 6  
0 . 0 8 3  
0 . 0 5 1  
0 .  7 1 1  
3 . 0  
0 . 0 8 5  
0 . 0 7 5  
0 . 0 4 1  
0 . 5 7 1  
4 . 0  
0 . 0 8 1  
0 . 0 7 5  
0 . 0 3 7  
0 . 5 2 0  
! ,  •  5  
0 . 0 7 4  
0 . 0 7 4  
0 . 0 3 7  
0 . 5 1 4  
5 . 0  
0 . 0 7 5  
0 . 0 8 9  
0 . 0 4 2  
0 . 5 8 8  
5 . 5  
0 . 0 7 7  
0 . 0 8 8  
0 . 0 3 8  
0 . 5 2 6  
6 . 0  
0 . 0 8 1  
0 . 1 2 2  
0 . 0 2 7  
0 . 3 7 9  
6 . 5  
0 . 0 8 8  
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Table IV. Weight fraction nitrogen in biomass from integrated and instant-
aneous balances and instantaneous biomass energetic yield based 
on nitrogen and organic substrate measurements for batch fermen-
tation of Candida utilis on unfiltered glucose from corn dust III; 
Run /14. 
N -N QN QN TJN O,hr 0 .& ,.& ,_g_ 2 x-x g lJ g Qs g 0 
1.0 0.112 0.125 0.049 0.682 
2.0 0.092 0.082 0.038 0.533 
3.0 0.079 0.076 0.041 0.578 
4.0 0.074 0~079 0.041 0.571 
5.0 0.070 0.070 0.035 0.493 
5.5 0.071 0.076 0.040 0.599 
6.0 0.073 0.093 0.048 0.669 
6.5 0.080 0.088 0.043 0.605 
7 .o 0.077 0.094 0.041 0. 579 
7.5 0.079 
1 0 8  
T a b l e  v .  
A v e r a g e  w e i g h t  f r a c t i o n  n i t r o g e n  i n  b i o m a s s  a n d  b i o m a s s  
e n e r g e t i c  y i e l d  f o r  C a n d i d a  u t i l i s  g r o w n  o n  f i l t e r e d  a n d  
u n f i l t e r e d  g l u c o s e  f r o m  c o r n  d u s t  I I I .  
B a s e d  o n  i n t e g r a t e d  
B a s e d  o n  a v e r a g e  
B a s e d  o n  p r o d u c t  c o n s u m p t i o n  o f  
o f  ~nstantaneous 
l { u n  
E i t r o g e n  a n a l y s i !  
s o l u b l e  nitroge~----
v a l u e s  
N  
1 1  
N  
1 1  
N  
1 1  
1  
- -
- -
0 . 0 8 3  
0 . 5 8  
0 . 0 8 5  
0 . 5 6  
2  
- -
- -
0 . 0 8 3  
0 . 5 9  
0 . 0 9 2  
0 . 5 6  
3  
- -
- -
0 . 0 8 7  
0 . 6 0  
0 . 1 0 2  
0 . 6 2  
4  
0 . 0 8 8  
0 . 6 2  
0 . 0 8 1  
0 . 5 7  
0 . 0 8 7  
0 . 5 9  
5  
0 . 0 6 8  
0 . 4 2  
0 . 0 6 2  
0 . 3 8  
0 . 0 8 4  
0 . 4 0  
6  
0 . 0 9 3  
0 . 6 1  
0 . 0 7 8  
0 . 5 1  
0 . 0 7 2  
0 . 4 6  
c. ~ .., 
Table VI. Aver~ge yield values fron each series of experiments 
for Candida utilis c;rmm on 8rain dust following 
enzymatic hydrolysis. 
available electrons 
of protein 
g Erotein rich Eroduct g Erotein in Eroduct Percent produced per 
Sample g dry grain dust g dry grain dust protein available electron 
Experimental Predicted Experimental Predicted in final g Erotein Eroduced of dust 
value value value value Eroduct g dust expended expended 
Corn dust II 
A 0.644 0.742 0.188 0.187 29.0 0. 306 0.474 
B 0.652 0.777 0.185 0.199 28.4 o. 282 0.363 
c 0.700 0.742 0.217 0.208 31.1 0.461 0.596 ....... 0 
1.0 
Milo dust II 
A 0.702 0.864 0.146 0.161 20.8 0.158 0.203 
B 0.734 0.896 0.142 0.152 19.3 0.159 0.205 
c 0.724 0.820 0.161 0.140 22.2 0.223 0.288 
Hheat dust II 
A 0.819 0.889 0.164 0.188 20.0 0.180 0. 232 
B 0.827 0.886 0.166 0.189 20.0 0.200 0.258 
c 0.841 0. 889 0.167 0.186 19.8 0. 224 0.287 
Table VII. Product yield and protein content for the growth of Candida utilis on unfiltered glucose 
from hydrolysis of corn dust III. 
% protein 
in dry dust 
~~ protein in 
protein rich 
final product 
% protein in 
solid at the 
start of 
Run 
4 6.54 
5 6.54 
6 6.50 
Pre-· 
dieted 
value 
33.04 
35.08 
34.97 
Available electrons of 
protein produced per 
available electron of 
dust expended. 
4 0.574 
5 0.!.26 
6 0. 536 
fermentation 
Experi- Pre- Experi-
mental dieted mental 
value value value 
41.539 18.41 27.11 
38.38 18.41 29.17 
39.17 18.41 28.35 
g protein rich product 
g dry grain dust 
Pre-
dicted 
value 
0.728 
0.699 
0. 700 
Experimental 
value 
0.591 
0.553 
0.593 
'\ 
g protein in Product 
g dry grain dust 
Predicted 
value 
0.241 
0.245 
0.245 
Experi-
mental 
value 
0.246 
0.212 
0.233 
g protein produced 
g dust expended 
0.444 
0.329 
0.414 
..... 
..... 
0 
